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EFFECT OF LOCAL BOILING AND AIR ENTRAINMENT

OH ~ OF LIQ~-COOLED CYLIHDERS

By A. P. Colburn, Carl Gazley, Jr.,
E. M. Schoenborn, and C. S. Sutton

SUMMARY

The design and the optimum operation of cooling #ackets for liquid- ‘
cooled engines require en understending of the heat-trsnsfer character-
Iktics of the coolants under the speoial conditions encountered of high heat
fluxes, relatively high metel temperatures, and appreciable amounts of
entrained air in the coolant flow. Owing to the difficulties of evaluating
these condltione on operating engines, a benoh-rig apparatus was designd
which would approximate engine-jacket conditions, except that the liquid
flow was maintained uniform around the cylinder in order that the results
could be related to the literature of forced-convection heat trsnefer.
This report gives a description of the apparatus and data on water end

.- methanol.

Results ere shown as coolant-film coefficients of heat transfer;
u these are correlated as dimensionless parameters ($-faotors) as a function

of Reynolds number. At low metel-wsll temperatures, that is, when the
wall-coolent interface temperature is below the boiling point of the
coolant under exiating pressures, data are in close agreement with the
well-known equations for heat transfer in round pipes and in annular
spaces. At high metel-wall temyratures, that is, when the interface
temperature is above the coolant boiling point, looal-boillng effects can
be observed. Heat-transfer rates under the latter conditions sre found
to depend @.marily upon the temperature excess of the wall over the liquid
boiling point and upon the velooity of the coolant past the heating
surface. It is shown that, particularly at low liquid velocities, the
heat-transfer coefficient inoreases with increasing values of this
temperature difference, with a maxlmmn increase found of 300 percent.
The effect of entrdned air is slso shown to inorease heat-transfer
coefficients, especially at low liquid velocities, with a maximum increase
found of 100 percent. The effect of coolant pressure is mere3y to inorease
the boiling point end so decrease the temperature excess.

.
.. The results of this study have been extended to show the typicel

effect of the local-boiling phenomenon on metel-wal.ltemperatures. At
low cool=t velocities excessive metsl temperatures would normelly prevail,d’
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but with low-boiling coolants these temperatures are drastically reduced.
The effect is even more spectacular for methanol than for water, owing
to the poorer heat-transfer quelities when nonboiling. For the conditions
chosen, with a methanol coolant velocity of 1 foot per second, the metal.-
wall temperature would run kOOd F-if the coolant boiling Point was higher
than the surface temperature; if the coolant boiling point was, ssy, 40° F
below the surface temperature, the metal temperature would be only 220°F.

INTRODUC7TON

Evaluation of the fundamental relations existing between the rates
of heat transfer and the controlling liquid properties for liquid.coolants
tn the jackets of liquid-cooled aircraft engines is complicated by a lack
of knowledge of the tem~rature and velocity distributions within the
jacket, of the phenomena ocourring at the metal-liquid interface, of the
effects of coolant pressure and of entrained gases, and of numerous
other vsriables which are difficult to control and measure. The yresent
inability to determine with precision these variables in a full-scale
engine asscmnblyor single-cylinderrig indicates a need for a suitable
bench-rig apparatus for this purpose. Although the geometrical patterns
of such an apparatus might not necessarily follow those in an actual engine
Jacket, nevertheless much vsluable information canbe obtained by a fundam-
ental a~roach to the problem with a simple construction permitting
carefuUy controlled conditions.

A bench-rig apparatus for this purpose should permit an accurate
determination of such factors SE coolant velocities, coolant andmeta2.-
wall temperatures, and coolant pressures and be so arranged that various
types of liquid coolants can be studied under similar operating conditions.
It is desirable that the metal-coolant interface be open to visual
observation so that effects such as local boiling cen be studied. (Local
boiltng is defined as that boiling which occurs in the liquid layer
adjacent to a surface, the temperature of which being above the boiling
point-of the liquid and the main body of the liquid being considerably “
below the boiling point.) Means of providi~ for relatively high heat
fluxes are of @me consideration, and a choice between electric, steam,
or gas-combustion heating must be considered. Such a choice would be
influenced by the degree to which individual resistances to heat transfer
between the heating source and the coolant can be evaluated with certainty.

The present study is concerned with the effects of local boiling and
entrained gases on the rates of’heat transfer at the solid-liquid interface.
Locsl boiling undoubtedly occurs i.nthe Jackets of liquid-cooled air-
craft engines since portions of the cylinder-wall.and head temperatures

..

are often above the boiling point of the coolant used. Entrainment--ofair
or other gases is also Ukel.y in coolant systems. It is expected that F
both local boiling and entrainment of gases would increase the heat-
transfer rate due to increased turbulence.
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The only mention
given in references 1
section of a boiler.

of locsl
and2in
In these

boiling found in the literature is that
connection with data in the preheating
investigations heat-transfer rates were

obtained two to four times those predicted.by empirical equat~ons for
the warming of liquids. This increased heat transfer was attributed
to ll(a)increased turbulence resulting from temporary vaporization in
the superheated film adjacent to the hot wall, followed by condensation
in the bulk of the liquid strep, &lnd(b) turbtience resulting fra the
surging flow inside the tubes. However, in these investigations the
W- interest was the boiling rather than the preheating section, and
no correlation of the preheating data was offered except to show that, in
the case of benzene-oil mixtures, the preheating rate was approximately
twice the predicted values over a large range.

The present report describes a steam-heated appsratus designed for
the purpose of studying ‘highheat-tremsfer rates between hot metal
surfaces and coolants in $ackets to fulfill the follawing purposes:
(1) To permit a check against literature data for normal conditions,
(2) to permit evaluation of the effect of metel temperatures existing
above the boiling point of the coolant under varying conditions of flow
rate, and (3) to permit determination of the effect of entrained gases.
Data are given and discussed for two coolants, water and methsnol.
Entrainment of air was studied in the methanol only. The authors grate-
fully acknowledge the assistance of A. Wurster, Andale Company, Philadelphia,
in designing the heat-exchange unit.

This work was conducted at the University of Delaware under the
sponsorship and with the financial assistance of the National Adviso~
Ccnnnitteefor Aeronautics.

A.

c

%

%?

De

.. G

H
S

SYMBOLS

outside area of copper tube includlng effective heat-transfer area
of flange, square feet

specific heat of coolant, Btu/(lb)(OF)

outside diameter of copxr tube, feet

inside diemster of glass tube, feet

equivalent diameter of annulus, feet
(i -‘J

mass velocity Of cOOl~t, pOUndS/(hr)(Sq ft)

enthal~ of saturated liquid coolant above 32° F, Btu/pound
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hc

ha

hfg

J

k

‘Pr

P

‘1

P

Qa

q~

~L

~Sc

‘Re

s

‘bp

tca

‘cl

tC9

tl~

t~

tw

&d

heat-transfer coefficient of coolant film-based on ~,
B~u/(hr)(sq ft)(oF)

heat-transfer coefficient of dirt film based on Ao,
Btu/(hr)(Sq ft)(%?)

heat of vaporization of steam, Btu/pound

j-factor, dimensionless
( )
(hc/CG)(C~a/k)2/3(~/~a)0-14

thermal conductivity of coolant, Btu/(hr)(ft)(%)

Prandbl number, dimensioriess (CMa/k)

steam pressure, pounds per square inch-absolut~

pressure on coolant ent-erlngexchanger, pounds per square inch
absolute

vapor pressure of coolant, Founds per square inch absolute

volume flow rate of saturated air through annul.us,cubic feet per hour

heat gained by coolant, Btu/hour

heat loss to aurroundi~s, Btu/howr

heat from steam, corrected, Btu/hour

Reynohla number, dimensionless (DeG/~a)

cross-sectionalarea of annulus, square feet

boiling temperature of

average temperature of

temperature of co”olant

temperature of coolant

average temperature of

coolant-in exchanger, %?

coolant in exchanger, oF

enc.eringexch~er, OP

leaving exchanger, %

wa32-liquid interface, OF

steem temperate corresponding to P, %

average temperature of met~

temperat,.wedrop across dirt

wall at thermocouple

rib, %

.
.
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circ.1.e, %
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Atw

v

Wa

w=

w~

IJ

‘a.

VW

P

P*

temperature drop from thermocouples to copper-dirt interface, %’

linear velocity of coolant in annulus, feet per second

mass flow rate of air, pounds per hour

mass flow rate of coolant, pounds per hour

flow rate of

viscosity of

Viscosity of

Viscosity of

steam condensate, pounds per hour

coolant, pounds/

coolant at Gca, pounds/

cOOlant at ttij pounds/

density of coolant, pounds per cubic foot

density of coolant at ‘caY pounds per cubic foot

DESCRIPTION OF APPARATUS

The test apperatus, although bearing little resemblance to the
geometrical configuration of the cooling system of a liquid-cooled
internal-combustion engine, was specifically designed to supply fundamental
data on heat-transfer rates at a metal-coolant interface which could
eventually be related to engine cooling performance. For this reason
the experimental exchanger consisted essentially of a thick-walled copper
tube surrounded by a glass Jacket. The coolant, fl~~ng fiifo~
upward in the annulsr space, was the heat-transfer medium under
consideration, while steem condensing inside the copper tube served as
the source of heat.

Heat Exchanger

Details of the heat exchanger propr are shown by the photographs
(figs. 1 and 2 .

L
The copper tube, having a outside ~=eter of lcW inchesf .

a length of 14~ inches, and threaded at each end, was equipped with

steel heads which served to support the ccpper tube and glass Jackeu
and to provide for inlet and outlet ports for the liquid coolant.

: Steam condensing inside the copper tube served as the heating
medium; this particular means was selected efzer cmaful Cmstde:ga;im.
indicated ~hat ne:ther electric heat nor gas firing wm.ihlprove as

● desirable or convenient ~or the earl-yexperiments” The use of s~e~ --
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appears to combine the more desirable elements of-each of the other
types, since it is easily controlled and -permitsan independent mans
for deteminhg heat-transfer rates. Although the extentito which high
metxl-well temperatures can be obtained is limlted by the steam pressure
available, the effect of high temperature differences between metel
wall and coolant can, in effect~be secured-through the use of low-
boiling llqufds as cooli~ mediums.

In order to perinitvisual observation of the metsl-liquid interface
so that effects such as local boiling might be studied, the copper
tube was jackebed with a heat-resisting glass tube of 2-inch inside
diemeter (nominel size). The latter was held in place with brass glands
bolted to the heads. Synthetic rubber ring gaskets were used to center
the tube and provide a.tight seal up to working pressures of somewhat
over 50 pounds per square inch. The ends of the glass tube extended
to within 5/16 inch of the inner wall of each head tm ald in obtaining
uniform flow of the coolant entering the annulus; uniform flow was
important so that the data could be compared with literature data on
long annular spaces. An enlargement area in the heqds served further
to smooth out the flow end afford a more uniform velocity distribution
around the peripheqr of the glass tube. For similar reasons, two

~-inch liquid connections on opposite sides of each header were provided.

The annular space was purposely made smdd. (0.3h-in. total clearance)
so that relatively high linear velocities past the heating surface could .

be maintained at low quantity throughput of the coolant. Zn this way a
reasonable temperature rise of the liquid could be obtained to provide
greater precision in evaluation of heat loads.

.;
—

In order to provide a means for determining individual liquid-film,
heat-transfer coefficients directly, these velues being of ma~or importance,
metal temperatures were measured. A number of thermocouples strategically
situated within :he metal itself, together with a knowledge of metal.
thermal conductivity and heat flux, enabled metal surface temperatures
to be computed readily. This, however, required that the tube be both
relatively short and thick-walled to accommodate the thermocouples.
The use of copper, with Its attendant relatively high thermal conductivity,
compensated in part for this added thickness.

Four holes 1/8 inch in diameter were drilled, at 90° intervals,

into each end of the tube to a depth of k; inches. In each of these

wells, two copper-constantan thermocoupleswere inserted, one b~ inches

deep, the other 1* inches deep. In order to keep the”junctions properly

centered in the wells and to reduce the insulating effect of the holes,
the longer thermocouplewires were inserted in short lengths of

&inch by ~&-inch copper tubing carefully f’ittedinto the holes so that”

there was no side play. S?ace was provided fcr the shorter wires by

.—

b
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sewing off one side of the small copper tube down to the ~l-inch depth.

The holes were no: cencered in the copper tube (because of the vhreadi~ ”-”---
of the ends) but the center lines are 0.205 and 0.1~3 inch from the
outside and inside surfaces, respectively. Thn it was possible to
know with certatity the exact location of the 16 $mccions with respect ‘
to the coolant side of the metal wall and therefore the temperature
dis~ribation around the periphery of the tube as well as along its length.

Average inlet and outlet coolant temperatures were measured by
thermocouples inserted In tees abouh 12 inches before and after the
headers in the pipe lines entering and leaving the unit. It is believed
that sufficient mixing occurred in the fltid streams at these points to
insure a yoper bulk temperature reading. Ordinary mercury-in-glass
thermometers were used for control purposes. An automatic potentiometer
was used to measure the temperatures to a precision of about 0.2° F.

The entire heat-exchange unit was so made that it could be dismantled
easily and quickly for cleaning the capper and the glass surfaces or
for replacing the gaskets and the glass tube in case of failure. During
operation the tit was enclosed by a metal screen to provide protection
for the glass tube. Essential dimensions of the apparatus and some
convenient calculation constants are given as follows.

Inside diameter of copper tube, in. . . . . . . . . . . . . . .
Outside diameter of copper tube, ~, in. . . . . . . . . . . .
Inside diameter of glass tube, ~, in. . . . . . . . . . . .
Equivalent diameter of =dus, De, ft. . . . . . . . . ... ●

Cross-sectional area of annulus, S, Sqft. ● ● . . . . . . .
Length of’@asstube, in. . . . . . . . . . . . . . . . . . . .
Over-all length of copper tube, in. . . . . . . . . . . . . . .
Length of copper tube between flanges, in. . . . . .“. ‘:””.‘. .
Outside suxface of copper tube between flanges, sq ft . . . .

. . 0.98

. . 1.66

. . 2.0
0.0294

“0.006T7
. . . 12
. 14.23
. 12.(325
. 0.457

—

Auxiliary Apparatus

The general arrangement of the apparatus and interconnecting piping
is shown in figures 3 and k. Liquid coolant was pw.upedfrom ;he large
storage tank through a l~inch rotsmeter into the heat-transfer uniz. A

centrifugal pump having a capacity of 20 gallons per minute ac.a pressure
of 60 pounds per square inch and powered.by a 3-horsepower motor was
employed. Flow control was maintained by a bypass on the prep, a uhrottle
valve, and a back-pressure valve. Rates of liquid flow were detemnined
by intermittent weighing of the coolant, the rotsmeter being used solely
for control purposes to insure uhat a constant flow rate was maintained
during a run. The hot liquid leaviw. the hea: exchanger ‘wascooled
before weighing or rezurning to storage in a heat exchsnger by using
water from the laboratory supply as coolant. The degree of cimling was
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ad$uted by means of a bypass around the cooler. A small vent condenser
was provided to reduce vapor.loss at the storage end weigh tanks and d

to permit the escape of air from the system.

Steam at a gage pressure of 125 pounds w~”available so that metal-
wall temperatures up to 325° F could be obtained. A steam-condensate
reservoir and subcooler were provided as shown in figure 4. The
reservoir was provided with a gage-glass so that the location.of the
steam-condensate interface could be obeerved at all times. A mnall
amount of steem was allowed to esca~ at the vent valve so that any
noncondeneable gases were removed fram the apparatus. Steam-condenaate
rates were determined by collecting a portion for weighing during a
measured period of time, care being taken to ad@st the interface
exactly to.the same level at the end of the period as at the beginning.
The subcooler insured that none of the condensate flashed on being let
down to atmospheric pressure.

An enlargement of the steam pipe line immediately ahead of the
heat exchanger served as an entrainment separator. Any condensate in
this main was trapped out through a bleed line and removed. It iB
believed that this arrengmnt provided saturated steam at ell times for
the unit, thus eliminating the need for detemnination ofl-steamquality
during a run. As a large amount of trouble was caused by dirt in the
steam line that promoted dropwise condensation, a strainer was
installed ahead of the reducing valve, and the entraimnent separatar
ahead of the heat exchanger was replaced by a cyclone separator. Even

.

so, it was necessary to flush out the steam side of the heat exchanger
with acetone or methanol to remove oily dirt. The entire apparatus and ,
all piping were thoroughly lagged to reduce heat losses to a minimum
and such slight heat loss as did exist was determined.

For studying the effect of entrained air in the methanol, air was
supplied by a compressor pump at a pressure which could be held approxi-
mately constant at any desired value less than @ pounds per square inch.
The air was metered by passing it through a -inch rotameter which had

t
been previoueJy calibrated. From the rotameter, the air passed through

7

a$-Inch pipe and entered the coolant stream through a tee located about

2 feet ahead of the heat-exchanger unit. The temperature of the air in
the rotemeter was read by a thermocouple Inserted h a tee immediately
preceding the rotemeter, while the pressure was read from a pressure
gage inserted in the airline immediately following the rotameter. A
needle valve placed In the airline @et before the point of entry into
the coolant stream permitted the flow of air to be closely regulated.

While runs without air lnmebeing made, the coclent circulating
system was airt$@t, except for the brief interval of time required
for detezmdnhiion of the mass flow rate. The inlet and outlet of the
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* weighing tank were surrounded by cloth rings which served to minimize
the escape of coolant vapor into the air of the laboratory and also to
prevent absorption of atmospheric moisture by the methanol.

TEST PROCEDURE

Water Runs

In the runs in which water was used aa the coolant, the operation
of the apparatus was relatively simple end straightforward. The pump
was stsrted and the water flow rate and back pressure on the heat-
exchanger unit regulated to the desired value by means of the throttle
valve, pump bypass valve, and back-presstie vslve. Heating steam was
turned on, the condensate reservoir vented to remove noncondensable
gases, and a steady flow of cooling water put through the condensate
cooler. The circulating coolant slowly rose in temperature to the desired
inlet velue, at which time cooling water to the auxiliary cooler was

—

turned on and the flow rate ad~usted. —

Reatings were then taken and recorded at 5-minute interv~s of the _.
temperatures of the coolant entering and leaving the heat-transfer
unit, the coolant leaving the cooler, the coolsnt entering the storage

.. and weighing system, and of the rotameter float position and the steam
pressure. When aX1.readings became constant and thermal equilibrium
appeared to have been attained, the condensate rate was measured. The

w temperatures of the coolant entering and leaving the heat-transfer unit,
of the steam, end of the copper tube (at the 16 points described in
the section entitled %eat Exchangerr)were then taken and recorded. The
condensate rate was again measured. If steady flow rates and thermal
equilibrium had not prevailed during the course of the foregoing
measurements, slight adjustments were made where necess~ until a new
equilibrium condition was obtained, at which t- ~ mess-ursmentswere
repeated.

On completion of the foregoing operations, the coolant flow rate
as indicated by the rotameter was checked by direct weighing. Steam
flow end cooling water to the auxiliary cooler were turned off and the
coolant stream diverted to the weigh tank where a given quantity “
(about 100 lb, the amount depending on the rate of flow) was accurately
wei@ed and the time of efflux csrefu.llydetermined with a stop watch.
D-wringthis period the temperature of the coolant at the rotsmeter was
found to remain essentially constant and equal to its temperature during
~he course of the actual run. The rotameter float positionwae also

. carefully obsemed and any minor deviations from ~evious settings corrected.
Barometric pressure and room temperature were also noted and recorded.

*
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After an early series of’runs had shown that water acted to cause
an ox~de and dirt film on the copper suxface, a series of teats was
made to determine the effect of the addition of small amounts of some
inhibitor to the water. Experiment ahowed that the addition of about
0.1 pmcent by weight of disodium acid phosphate retarded the fcu’matlon
of rust in the piping system and reduced the rate of deposition of
dirt on the copper tube. Experiment also showed that distilled water
was superior in this respect to the water from the laboratory supply.
As a result of these tests, distilled water with the addition of
0.1 percent.of disodiun.acid phosphate was employed.

In order to evaluate the effect of the dirt film, a series of runs
was made periodically under as nearly exact conditions of”operation as
possible. By assuming a “fouling factor” of zero for any run made with
the copper tube newly cleaned, fouling factors could be calculated
by subtracting from the liquid-film resistance for each of these runs
that for the newly cleaned tube.. All the ‘rstandard’fruns were made a~
inlet coolant-temperatures around 117° F, heat loads of about
60,000 Btu per hour, and coolant rates of a%out 16 gallons per minute.

Methanol Runs

The testi-procedurefor runs without entrained air and employing
methanol as coolant was identical with the test procedure used for runs .

with water as coolant. It was found that, in general, equilibrium conditions -
were attained more rapidly with methanol as coolant than they had been
attained when water was used as the cooling medium. This is a natural 4
result in view of the lower heat capacity of methanol.

In order to check on the possible formation of a dirt film on
the coolant side of the copper tube, a standerd run was repeated at
regular intervals. In contrast with the effects observed with water,
it was found that the heat-transfer coefficient remsd.nedessentially
cohetant, this fact indicating a negligible formation of dirt film.

As has already been msntioned, the deposition of oily dirt on the
steam side of the heat exchanger scmetinw caused dropwl.secondeneatlon
of the steam in the form of drops. This condition was easily detected
by meams of the resul.tlnghigh tube+mJl temperatures and nornznifozm
temperature distributions. Consequently, at the start of each &.y*e
series of runs, conditions for a stadard run were duplicated. Equilibrium
was attained In about ~ hour, and the tube-wall temperatures were then

quickly read and comp&ed with-the known values for a clean tube. If
they checked, work on the other runs could proceed with confidence; if
they did not check, the rig was shut down and remedial measures taken. .

Ususlly a simple flushing with an organic solvent was sufficient, but it
was occasionally necessary t-odismantle the heat exchanger and give the
copper tube a thorough cleaning with scouring powder.

7
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The effect of

Methenol Runs with Entrained Air

entrained air on the heat-transfer nro~rties of the
coolant was studied in the folkwiu manner. A runwa~ f&t made
without air, equilibrium being reacfiedend a complete set of-readings
taken. On keeping all other valve settings fixed, the air velve was
then opened and a small amount of air allowed to enter the coolant stream.
When a new equilibrium had been reached, a second caqjlete set of readings
was taken, including determination of the coolsnt mass flow rate. This
was then repeated once or twice more for higher air-flow rates. In
this way, a set of three or four runs was made invhich coolant flow
conditions remained essentially constsnt except for varying amounts of
entrained air. A total of 6 such sets of runs (including 22 separate
runs) was made, 3 boiling and 3 nonboiling, at high, intermediate, and
low coolant flow rates. The runs of each set were assigned the ssme
serial nuniber,with letters following to indicate the amount of air.

Determination of Heat Loss to Surroundings

Despite the thorough lagging of ell steam and condensate lines,
small heat losses to the room undoubtedly occurred. A series of blank
runs was therefore made with no flow of coolant through the unit at a
number of stesm pressures fram 28 to 1.10pounds per square Inch. The
rate of flow of condensate was carefully measured over periods of about
30 minutes and heat losses calculated. Theee results were plotted as
heat loss inBtu per hour against the difference between steam and room
temperatures.

MFX!HOD OF CALCUIATIOH

The method of calculation employed cen best be fo~cwed by reference
to tables I, II, end III, wherein obsened and calculated data are given
in detail. If a series of readings waa taken over a period of time, as
when temperatures were read at >minute intervals during steady-state
conditions, average values are given.

Heat-Transfer Cslcul.ations

Heat-trsnsfer rates and heat bslances were computed in a normal
manner. All data for steam were taken from the tables of Keenan and
Keyes (reference 3). In the runs with water, the heat gained by the

. coolent was simply calculated frau the flow rate end temperature rise
as follows:

(1)



12 NACA TN RO. 1498 .
.

The use of methanol as a coolant necessitated a change In the calculation
procedure since the specifio heat of methanol varies considerably with

d

temperature (in contrast with the specific heat of water, which differe
from unity
frcau400 F
calculated
and outlet

by less than 0.7 percent over the entire temperature range
to 212° F). The heat gained by the methapol was accordin&
from the difference in heat content of the coolant at the Inlet
temperatures as follows:

(qc ‘WC Eco -

The heat frmn the steem qsc is taken as
rate and latent heat of vaporization less
as folJ.ows:

~ =WhSc sfg-

)Hci (2)

the product of the condensate
heat loss to the surroundings

(3)

Because steem was in contact with condensate below the unit, the condensate
could be expected to leave the reservoir at the boiling point. Since
the steam entering the unit was generaUy dry and saturated, only latent
heat need be considered. The smell heat loss qL was obtained from tits

obtaine~ on the blank runs. .

The boiling point of the coolant in the annulus of the exchanger is
based on readings of the pressure gage located ~ust upstream of the unit.

a

The pressure drop across the annulus was generally measured with a water
menomeker; this drop was usually small compared with the actual static
pressure on the coolant, and.no refinement of the boiling temperature
because of pressure drop wae made.

In order to calculate the heat-transfer coefficient frcunmetal
surface to coolant, it–is necessexy to know the average coolant and the
average surface temperatures. Because of the smell temperature difference,
the arithmetic average of inlet and outlet coolant temperatures is satis-
factory for the former. The average of the 16 temperatures at the
k elevations and the k angular positions of the metal wall was fouud to
give am excellent approximation of the average temperatures of the metal
at a depth of 0.205 inch from the coolant surface, as can be seen by
the examples shown by figures 5 and 6. The average temperature difference
acroes this thickness of metal was calculated from the value of heat
flux and the conductance of the metal, which latter value is around
11,000 Btu/(hr)(sq ft)(OF).

In order to take care of end effects, mlues of the liquid-film
coefficient hc are based on a corrected outside surface area of the F

copper tube. The metal.heads conducted a smell portion of heat to the
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coolant, and it was convenient to correct for this effect by increasing
the Value of the heat-transfer surface on which the coefficients are
based. The calculation of the effective increase in area is shown in
appendix A by considering the two heads as fins; this increase amounts
to k.6 percent in the case of water and 9.6 percent in the case of
methanol.

When a dirt film was known to have built up on the tube surface
over a period of time, the resistance of and the temperature drop across
this film were evaluated and a suitable correction applied. The method
of determining this resistance by repeating periodically a so-celled
standard run was previously described. A plot of dirt-film resistance
against run number gave curves from which this value could be obtained.
Furthermore, coefficients computed for runs subsequently made from time
to time on the newly cleaned tube agreed very well, thus indicating the
validity of this method of approach. Values of the dirt-film
resistance l/hd used In the calculations are gfven as item 16 in
tables I, II, and III. Sources of data used for the physical properties
of methanol are given in appendix B; a brief summary of the data is given
in table IV.

Air-Flow Calculations

. The rotsmeter used for tie met~rfng of air was first calibrated in the
following manner. Known quantities of air from a calibrated gas-holder
were allowed to pass through the rotsmeter for several different readings’

w of the rotsmeter, and the times of efflux were recorded. Atmospheric
pressure, slr tem~rature, and pressure drop across the rotameter were
also recorded. Frcm these data, alr densities end volumetric flow
rates corresponding to the various readhgs of the rotemeter were computed.
The calibration curve was drawn by plotting as abscissa the rotsmeter
readings and as ordinate the product of the actual flow rate in cubic feet

per hour and the dimensionless ratio @J’/2, where P represents
actual air density and PO represents air density at sane fixed conditions
of temperature and pressure. This method of plotting gives a single
curve which is valid over a large range of air density. The actusl
value of p. used is clearly immaterial, end for convenience the value
0.075 pound per cubic foot, correspon~ng to air at 20° C and 1 atmosphere
pressure, was used.

In the calculations involving air data, tne density of air passing
through the rotemeter was calculated from its obsemed temperature and
pressure, end its volumetric flow rate was then caputed from the

.
(/)

1/2a rotsmeter calibration curve. Values of p p. varied from 1.40

to 1.74 during actual runs, whereas the v~ue of-this ratio during

d calibration was 0.985. Fran the knowledge of”the”density &d. tiolumetric
flow rate of the air through the rotemeter, its mass flow rate--was
calculated.

—.

,
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The volume of air passing through the heat exchanger was computed._
from knowledge of the pressure and average temperature of the coolant.

w

Since the bubbles of entrained air were presumably saturated with
methanol vapor by the time they reached the heat exchanger, the volume
of air was corrected for the effect of the vapor pressure of methanol.

Method of Correlation

In order that the heat-transfer coefficient hc

with fluid properties and flow conditions and sJ.sobe
of other investigations, the results were computed as
to the equation

and the Reynolds number

can be correlated

compared with data
j-factors according

(4)

(5)

Equation (k) is essentially that used by Colburn (reference 4) for
correlating heat-transfer data for fluids in round pipes but Includes
the power function of the viscosity ratio recommended by Sieder and
Tate (reference 5) to correct for the fluid-film viscosity.
number is based on the equivalent diameter of the annulus

~p lk&ds

end in this form possesses the advantage of permitting a more direct
comparison of the data obtained for an annulus with the recommended
heat-transfer relations for fluids in round pipes. Furthermore, Cerpenter,
Colburn, Schoenborn, and Wurster (reference 6) have shown that this is
the proper Reynolds number to use in the case of flow through annular
spaces. This method of treatment is convenient also in utilizing
fluid properties evaluated at the average coolant temperature tea. ,

For purposes of further treatment of the data and in particular
torestabllsh the effect of vaporization of the coolant at the tube
surface, it was necessary to know the boiling poin6=of the coolant
under existing conditions of operation and ~he average as well as the
msximum temperature at the coolant-metal interface. The latter values
were computed by subtracting bhe.sum of the temperature drops across

.

.

.
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the tube well
and are given
respectively.

and dirt film from the average tube-well temperature t+
in tables I, 11, end III as items 21, 18, and 19,

DISCUSSION

Heat Belance

Values of the heat load based on the coolant stream and on the
steem condensate rate generddy agreed very well. Deviations in the
heat balences are shown in tables I, 11, end 111 (itemll) for each
run. As can be seen, deviations are within 3 percent for about &l percent
of all runs and within 5 percent for 85 percent of all rune. Despite
the occaaionel larger deviations, which doubtless result fraa the emald.
coolant temperature rise encountered at high coolant rates, the good
agreement normdd.y obtained serves to emphasize the reliability of the
data secured on this type of rig.

—

Tube-Wall Temperature Distribution

The type of temperature distribution obtained from the 16 tube-wall “
thermocouples is represented by using oler coordinates in figures 5
and 6. 7The data shown are for run % water) and run93 (methanol) and
demonstrate the remarkable synunetrythat csn be obtained. Similar data
for all runs are given in tables I, II, and III, wherein the letters A
to D refer to locations vertically from bottom to top and the numbers 1
to 4 to the angular position around the tube.

The temperature distributions for some of the early runs did not
show as exce12ent symmetry as the ones illustrated. ThiS WSS found,
after extensive tests had been made, to be due to dropwise omde~
tion of the steam in the form of dro~s at oertain points on the inner
tube w&ll. Initfelly, a lerge nuniberof runs was made with lauryl
thiocyanate used as a ~anoter of dropwise oondeneation so as to
obtain high coefficients on the steam side, but nonuniform condensa-
tion resulted in such ematic patterns that its use was discmtinued.
By keeping the inner tube surface and interconnecting pi@ng scrupulously
clean and free fiwn oil fSlms, uniform film+typ omdensation was
secured.tith resulting unfform and reproducible tulm+nCll temperature
distributions. It is believed that f~se oomslensatlonof’steem
existed during eX1.runs reported herein.

In figure 7 average temperatures at a given cross section of the tube
are plotted as functions of tube length. Terminal temperature are shown
also for both the coolant (water) end steem, the &shed lines indicating
the trend between end points. The smell temperature rise of the coolant
compared with the temperature difference between weJL end coolant ~ustifies
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the procedure of determining the mean temperature difference by subtracting -
the average (of inlet and outlet) coolant temperature from the average
wall temperature (based on the 16 thermocouple readings and the temper-
ature drop through the metal).

It should be noted that the decreasing weXi temperature frczatop
to bottcm ie a result of both the increasing thickness of the stesm-
condensate film and the increase in the coolant-fib coefficient. Since
the coolant flowed upward in the tube, the coefficient at the bottom
would be greater then the average wdue because of turbulence and the
fact that the velocity distribution had not been established. However
the latter effect Is relatively small compared with the change in the
steam-film resistance. Thus the variable temperature drop from metal to
coolant is a measure of the variable heat flux, which, as in an engine,
is greatest at the top and pro~essively decreases down the cylinder.
For example, in run 59 for which the te

T
ratures are given in figure 7,

with an average heat flux of 60,900 Btu (hr)(sq ft), the heat flux at
the up~r end of the tube Is estimated as 98,000Btu/(hr)(sq ft} and at
the lower end, 33,000Btu/(hr)(sq ft). These values ere quite representative
of full power conditions of sums reciprocating-engines.

In figure 8 the distribution of t
T

rature with tube length is
showm for low and high coolant (methanol flow rates, both with and
without local boiling and/or air entrainment. It is seen that the
temperature distributions are roughly linear for high coolant velocities ;
but deviate quite considerably frma linearity for low coolant velocities.
This is probably due to the effect of free convection. At low flow
rates, the increased mixing of coolant due to coxzvectionnear the top
(outlet) of the tube causes amore,cazplete equslizationof coolant

w

temperatures with the result that the top of the tube may be cooler than
the part inmmdiately below.

Inasmuch
coolant so as
heat-transfer

Honboiling Data

as the apparatus was designed to give uniform flow of
to permit exact comparison of the results with extensive
data from the literature for flow in pipes and In annular

spaces, the data have been correlated by a method p&r&Ltting such a
comparison. It was expected that, if the data were reliable, the runs
in which no 10CSJ.boiling occurred would show good agreement with the
literature. In figure 9 the nonboiling data, for both water and methanol,
are shown. In case of laminar flow through annuli, the use of the
following equation is recommended in reference 6:

..
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It is seen chat the data are somewhat low cmupared wiih equatiorl(6)
but Lhis may possibly be due to the effects of free convection.
The data of Jurgenson and Montillon (reference l’)ind~ca~e that free
convection forces decrease the heat-transfer coefficient for upward flow.

For turbulent flow in pipes the Seider and TaLe equation (refer-
ence 5) is (as given by McAdams (reference 8)):

(!j’)~~’’’(ti)”k’k = “.027 @’&!)0”2

while for turbulent flow in annuli Davis (reference 9) recommends

(7)

(8)

It is an interesting coincidence that for the gecnnet.ryinvolved in the
present apparatus, the Davis equation reduces to

(9)

which is equivalent TO the Colburn equation (reference 4) wi~h the
Seider and Tate viscosity ratio modification (reference 5)s Figwe 9
shows that the data fell between equations (7) and (9)0 It w be no~ed
that figure 9 is analogous to figure la given by Bernsrdo and Elan
(reference 10) which provides heat-transfer data for verious nonboil~ng
coolants hsidea heated tube; actually the data from the two studies
would practically coincide, thus lending support to the general
relation for nonhoiling coolants.

It msy be noted that the methanol data of the present investigation
in the turbulent region fal~ somewhat higher than the water data. The
fats that this discrepancy occurs in the turbulent and no: in th~-
laminar region is difficult to understand..

The discrepancy bebween the correlations of water and methanol data
Y at high coolant velocities is a matter of relatively minor ~mportance and

in no w~ affects the validity of the main results of this inves~igation,
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namely, the effects of local.boiling and
properties of liquid coolants in amular
that both local boiling and the presence
the rate of’heat transfer because of the

N.ACATNNO. 1k98

entrained air on heat-transfer
spaces. It would be expected
of entrai~d air would increase
slidkly increased velocity

(for a given coolant flow rate) and increase~ t~bulence. The sep&ate
effects of local boiling and entrained air are discussed in the following
paragraphs.

Local Boiling without Air

When the metel surface exceeded the boiling point of the coolant
at the existing pressure, even though the bulk temperature of the coolant
was considerably below the boiling point, formation of vapor bubbles at
the metal surface could be observed. The boiling phemmena were clearly
evident, particularly after the tube had been freshly cleaned, and a
brief description is of general.interest. Small bubbles of vapor were
seen to form and cling to the tube wsXl - then gradually to be torn
a- to become diselpated in the bulk of the flowing coolant stream
(where the temperature was stilllbelow the boiling point). On increasing
the pressure on the coolant, bubble formation stopped and the bubbles
remaining were torn away.

When a dirt film had formed on the tube waJJ.and as iouling conditions
increased, it was not possible to observe the metal-liquid Interface
clemly. Vapor bubbles did not appear to fomh on the metal surface,
however, nor to cling to the wall but were quite visible in the liquid
stream. As coolant pressure was increased, rate of bubble formation
decreased and finally ceased altogether.

In scm.eruns active boiling was evident only at the upper portion
of the tube, so for this reason maximum values of ttl were computed

for the top portion of the tube end are given in tables 1, 11, and III.
By adjustment of the pressure on the coolant, a rather sharp line of
demarcation between boiling and nonboiling areas could be made to move
up or down the tube at will. Some nonuniform temperature patterns
obtained are doubtless due to such phenomena. If the temperature excess
of the-metal wall over the boiling point of the liquid was small
(less thm 10° F), only a few bubbles of vapor were formed, and these
disappeared almost the instant they were torn loose from the wall.. As
the temperature excess was increased, the rate of bubble formation
increased and the bubbles showed less tendency to disappear. The
general.appearance of the tube while local boiling was taking place
was the same for both water and methanol. In this connection the problem
arises as to the parameter that is best to use to denote the degree of
10Cd boiling. As previously noted (see fig. 8) the wall-surface
temperature increases from bottom to top of the tube so that local
boili% may occu at the top of the tube even the@ the aver%e
walJ t&aperature is below the
coolant. Thus the use of the

.
.

.

●

.
.
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the use of negative values, cognizance being telcenof the fact that
local boi ing could ccur at negative values. On the other hand, the

‘e ‘f <,,-- tb>
would not be a proper measure of average

conditions. The most exact method would involve plotting the temperature
distribution along the length of the tube and graphically determining
the mean excess above the boil ng point of the coolant. For the purposes
of this report the quantity

&i - tbPl
will be used as an approxi-

mation since it ell.owsmuch simpler end more direct calculation. However
it should be recognized that negative values do not necessarily mean
that boiling is not occurring. The condition for local boiling is

that tzi- be greater than hp.

The fact that this local boiling phenomenon increases the heat-
transfer rate markedly under certain conditions can be seen from the
boiling data in figure 10. It wi12 be seen that these ere higher the
greater the temperature excess and the lower the Reynolds number. The
effost of the excess of surface temperature over the coolant boiling
point in increasing heat-transfer rate is approximately the same for
both coolants, water and methanol, as can be seen from the values
of ctzi-tbp)shown adJoini~ the experimental ~ints. It would be

expected that this effect would be about the ssme for any pure coolant,
although possibly not for mixtures. In case of mixtures the evaporation
of a portion of the liquid would increase the boiling point of the
remaining liquid; this might therefore reduce the effect.

In figure U the heat-transfer coefficient of water is plotted
against the linear coolant velocit V.

3

Lines of apprc@.mate~ constant
temperature differences ctz,-tbp of O, 10, 20, end 300 F are

indicated as parameters. An important conclusion is that with low boiling
coolants the heat-transfer rate does not fall off with decreasing velocity
in the engine jacket to eqything like the decrease for high boiling
Coolsnts.

Figure 12 shows the variation of heat-tranafer coefficient of
methenol with Ilnear velocity of flow for various values of the average
temperature excess. In both figures Id.and12, the curve for nonboiling
data, to the right of V = 1 foot per second, has been drawn as a
straight line of slope 0.8 in accordance with usual heat-transfer data
in turbulent flaw, and agreement is seen to be excellent. The methanol
data are scmewhat more complete then the water data and bring out several
interesting points not discernible from the latter. As in the case of
water, the heat-transfer coefficient is seen to increase as the average
temperature excess ctz~ - tbp) fnCre&SeE42 though the relative increase.

.
decreases as the velocity of flow increaees. Thus, for example, a
temperature excess of 10° F increases the heat-transfer coefficient “
by 47 percent above the nonboillng value for a flow velocity of 0.5 foot*
per second, though a temperature excess of over 300 F is required to
yroduce the seine incree,ee at the higher flow velocity of 3 feet per second.
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The method of plotting used in f&ures 11 and 12 is useful only
in determining the effect of velocity on the rate of heat transfer for
one fluid at a given temperature. Different fluids or even the same
fluid at different temperatures cannot be ccqared since the physical
properties as well as the velocity influence the rate of heat transfer.
Figure 13, in which the ~-factor is plotted against the average temperature
excess with Reynolds n=ber as parameter, allows caparlson of the methanol
and the water data. Scattering of scansof the data tn this and the
preceding figures is probably due to nonuniformity in locel boiling
from top to bottom of the tube. OccasionaUy, bubbles of vapor were
obsexwed at only a portion of the tube surface. It appears that a
sufficiently high temperature excess produces same effect even at high
flow rates. Higher tem~rature excesses were obtained in using the lower-
boilhg methanol as coolant, end it can be seen that the effect-of’
increasing the Reynolds number is simply to increase the threshold
value of the temperature excess required to produce a significant increase
in the heat-transfer coefficient. It wi~ be noted that the threshold
value of the average temperature excess is lower for water than for
methanol. The reason for this cannot be stated definitely because of
the little that is known of boiling heat transfer. It is known that the
properties of the liquid and the type of surface influence the rate of
boiling. It mq be noted that the critical velue of At (i.e., the
value of At at which the msximum heat flux occurs and above which the
flux begins to decrease because of formation of a fih of vapor over
the heating surface) for water boiling at a copper wdl is considerably
lower (see reference 8) then that of methanol. This indicates the more
facile formation of vapor bubbles in the case of water and hence explains
the lower threshold values obtained herein.

F&gure 13 may be ccmpared with figfi 170 given by McAdams (refer-
ence 8). In the latter figure, ~(%e) “ i8 #.otte& against the

temperature excess for heat transfer In the tubes of a forced-circulation
evaporator in which both w~ng end actuel vaporization took place.
Instead of the rough differentiation of McAdems betweeQReynoMs numbers
above and below 65,000, it appears that a separate curve for each
Reynolds number is obtained even if the curves ere brought together at
low values of the temperature excess by multiplying the ~-factor
by @Re)0”2.

Entrained Air without Lpcal Boiling

When air was introduced into the coolant streem, the air was broken
up into bubbles and more or less evenly distributed throughout’the
stream. The size of the bubbles and the evenness of the distribution
depended on the velocity of coolant flow. Thus, for a Reynolds number
of about 20,000, the bubbles of air were small (about 0.5 mm in diem.)
and evenly distributed. A Reynolds number of 10,000 produced bubbles
of slightly larger size, though their distribution was still very

.
.

.
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unifOm. When the Reynolds number was decreased to 4000, however, the
flow velocity was insufficient to break up the air stresm into small
bubbles; the size of the bubbles simply increased as the rate of air
flow was increased until they had a volume about one-third the volume
of the entire annular space. The distribution of these lerge bubbles,
while irregular at eny given instant of time, nevertheless was fairly
uniform when averaged over longer intervals of time.

The action of the entrained alr in increasing the heat-trensfer
coefficient appears to be due to a combination of two related factors:
(1) incremed turbtience, and (2) increased linear velocity of the
coolant for a given rate of coolant mass flow. The increased linear
velocity is due to the fact that the entrained air decreases the average
density of coolant-air mixture, snd hence, for a given mass flow rate,
the linear flow rate must increase. Since both the Increase in turbulence
and the increase In linear flow rate sxe primarily governed by the relative
volume rather than the mass of the entrained air, the data have been
correlated on the basis of the percentage by volume of alr (plus
methanol vapor) in the heat exchanger.

As cen be seen frum figure 14, the effect of entrained air is
qualitatively similar to the effect of local boiling. The increase In
the heat-transfer coefficient Is greater for low coolant velocities and
increases with increasing emounts of air. The velocity of flow used
in f@ure 14 is not the actuel linear flow rate but rather the flow
rate that would exist if there were no air and is obtained by dividing
the coolant mass flow rate by the density of the coolant. In this wsy
the graph shows the over-en effect of the entrained air on the heat-
transfer coefficient; if the actual.velooity of the mixture were plotted,
only the effect of increased turbulence would show up on the plot, end
the effect of the increased velocity would not be apparent.

Entrained Air tith LocelBoil@

When local boiling was taking place, the effect of entrained air
was to increase the heat-transfer coefficient still further, although the
emount of this additional increase was considerably less than that caused
by alr alone without boiling. This csn be seenby a comparison of figures 14
end 15. In a sense, then, the effects of air end boiling are complementary,
that is, the effects of boiling become less as the amount of alr increases,
while the effect of air becomes less as the amount of boiling increases.
Both effects become less as the Reynolds number increases.

The effect of air on boiling runs is shown in figure 15, where heat-
transfer coefficients end average temperature excesses are plotted as
functions of the percentage of air for various vslues of the Reynolds
number. It is seen that increasing the amount of entrained air tends
to cool the metsl well and thus lower the average temperature excess,
while at the ssme time the heat-transfer coefficient is increased. Since

a decrease in the average temperature excess would, by itself, tend to
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lower the heat-transfer coefficient, it follows that the e~fect–of the
air in raising the heat-transfer coefficient is sufficient-to outweigh
the effect of lowered temperature excess.

Application to Engine Cooling

Since the important feature in engine work is the wall temperature
rather than heat-transfer rates In themselves, the results of this
investigation have been used to calculate typical values of metel
temperatures with end without local boiling. Figures 16 and 17 have
been prepared for the two values of heat flux of 100,000 and
50,000Btu/(hr)(sq ft), which are representative of average rates
through the head and the barrel respectively, of aircraft engines under
full power. The coolant (water! is assumed to be at 190° F and the
curves show the mstal temperature as a function of coolsnt velocity.
If the boiling point of the coolant is above the metal temperature, the
latter becomes excessive at low coolent velocities, but.if the boiling
point of the coolant is as much as 30° F below the metal temperature, the
metal temperature stays reaeonabl..ylow even at low coolant velocities.

Figure 18 has been prepared.,analogous to figures 16 and 17, to
show the cooling effect of the local boiling of methanol. By assuming
a heat flux of 50,000 Btu/(hr)(sq ft) and an average coolant temperature
of 11O*CF, average wall temperatures have been calculated on the basis of .

figure 12. The results are comparable with those obtained for water,
.

when allowance is made for the fact that methanol has a generally lower
heat-transfer coefficient. Because of the generaU.y low heat-transfer *
rates to organic liquid in forced convection, it is to be expected that
other organic coolants would also exhibit large local-boiling effects.

A eet of curves could likewise be drawn to show the effect of entrained
air on the metal-wall temperature. It can be seen from figure 14.,for
instance, that a 15-percent volume of entrained air will have roughly
the same ef’feeton the heat-transfer coefficient as an average temperature
excess of 30° F, and a ccmibinatiomof air and boiling could be expected
to show a scmwwhat greater effect than the same amount of either air
or boiling separately,

SUMMARY OF RESULTS

An investigation ha. been made of the effect of local boiling and
air entrainment on temperatures of liquid-cooled cylinders. Results .
are shown as coolant-film coefficients of heat transfer; these are
correlated as dimensionless parameters (j-factors) as a function of
Reynolds nuniber.”At low metal-wall temperatwes, that is, when the wall-

.
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coolant interface temperature is below the boiling point of the coolant
under existing pressures, data are in close agreement with the well-known
equationa for heat transfer in round pipes and in annular spaces= At
high metal-wall temperatures, that is, vhen the interface temperature
is above the coolant boiling point, local-boiling effects can be observed.
Heat-transfer rates under the latter conditions are found to depend
primarily upon the temperature excess of the wall over the liquid boiling
point and upon the velocity of the coolant past the heating surface.
It Is shown that, particularly at 10V liquid velocities, the heat-transfer
coefficient increases with increaeipg values of this temperature difference,
with a maximum increase found of 300 percent. The effect of entrained air
is elso shown to increase heat-trensfer coefficients, especially at low
liqtid velocities, with ameximum increase found of 100 percent. The
effect of coolant pressure is merely to increase the boiling point and
so decrease the temperature excesB.

The results of this study have been extended to show the typicsl
effect of the locsl-boiling phenomenon on metal-walJ.temperatures. At
low coolant velocities excessive metel temperatures would normslly
prevail, but with low-boiling coolantsithese temperatures are drastically
reduced. The effect is even more spectacular for methanol than for vater,
owing to the poorer heat-transfer qualities when nonbolling. For the
conditions chosen, with a methenol coolant velocity of 1 foot per second,
the metal-wall temperature would run kOOo F if the coolant boiling point
was higher than the surface temperature; if the coolant boiling point
was, s=, 40°
would be o@y

University of
Newark, Del.,

F below the surface temperature, the metal temperature
220° F.

Delaware
August 14, 1947
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APPENDIX A

HEAT-TRANSFER CORRECTION FOR STEEL BIUdX

Consideration of the heat-exchange unit shows that, elthough the
bulk of the heat transfer to the coolant ie effected through the copper
tube, a portion of the totel heat load is transferred by conduc~ion
through the steel heads. This additional transfer of heat is most
conveniently accounted for by an estimation ofi.theextra effective surface
area contributed by each head. By assuming the heads to behave as
parallel-sided circum.ferentfal.fins, it is possible to calculate--a
suitable fin efficiency from which the increase in surface area
can be evaluated. For this case the following dimensions are employed:

Area of exposed coppez tube (outside &lam.), sq ft . . . . . . . . 0.4-57
Fin root radius, R ,

t
ft(o.83in.) . . . ● . . . . . . . . . . O.O@

Fin width, w, ftl.0h5in.) . . . . . . .= . .. O . . . . ..O.O87
Average fin thickness, t, I% (u./I6 in. = 0.687 in.) . . . ● “ 0~W72

( 3

2G1.~5)2 - (0.8~)2 . . 0,E32
Total.surface area of 2 fins, sq ft

14
2.687Effective fin width, w) ft (w + l/2t = 1.0k5 + ~

=1.389 m.)= “ “ “ ● ● 0“u57

The fin effectiveness for straight fins, as given by Blerman
and Pinkel (reference 11), msy be written:

tanh aw[
n =

a W1

where

a=

h

k

(h/kt)l/2 for one side of fin

surface film coefficient

thermal conductivity

Weter.- On assuming a heat-transfer coefficient h = 1500 end a
thermal conductivity k = 26 (for steel),

-.

.

.
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&
The fin effectiveness then becomes (for straight fine)

tallh (31*75 )(0. U57) . 0 ~w
“n= .

31.75 x 0*1.157

For a circular fin this value is corrected by using figure 12 given by
Har~r end Brown (reference 12)0 For a velue of ~/(Rb + W) = o“375j
a correction (f! = -0.1, approximately) is found- The corrected
fin effectiveness thus becomes

~ = 0.172
cor

The extra effective surface =

or sn increase in surface of

g.~72EX 0.1232
.

Xloo=
o ● b57

= 0.0212 square foot,

4.6 percent. The total

corrected effective heat-transfer surface is, then, o-478 s~uue footj
equivalent to b effective tube length of 13~2 inches.

—

Methsnol.- On aes~ng an average heat-transfer coefficient h = 500
and proceeding as beforey

~ = 0.458

nCor = 0.358

The extra effective surface = 0.358 x 0.1232 = 0.0441 square foot,

or an increase in surface of
0.0441— x 100 = 9.6 percent. The total
o ● 457

corrected effective heat-transfer surface is 0.501 square foot,
equivalent to an effective tube length of 13.8 inches.
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APPENDIX B

SOURCES OF PHYSICAL PROPERTII!SOF METHANOL

Data on the heat content of liquid-methanol were obtained from
reference 13. The following formula was given:

H’ = 2~.529(0/10)2 + o.oloo36(e/lo)3 (Bl)

where H1 is the heat content or enthalpy of the saturated liquid
above Oo C expressed in ~bules per gram and (3 is the temperate in ‘C.
W~thin the temperature range for 19 from 40° C to 110° C, this formula
agrees with the observed values to within 0.05 Joule per gram. If H is
expressed in Btu ~r pound, the formula becomes

H = lo.tin(e/lo) + o.2u07(e/lo)2 + o.oo4~155(e/lo)2

If equation (B2) is differentiated and multiplied by 5/9 to convert
Btu/(lb)(°C) to Btu/(lb)(OF), the following equation is obtained:

.

c = ().5@38+ o.o123)+(e/~o) + o.00071g2(e)

where C is in Btu/(lb)(%) but 6 is still in ‘C.

(B2)

(E3)

An extended graph of equation (B2) ~r.mits differences in heat
content to be read with sufficient accuracy for temperature rises
greater than about 3° C .or5° F. For ‘&aed.lertem~erature rises, better
accuracy 3.sobtained by using equation (B3) to compute the specific
heat at the mean temperature and multiplying this by the temperature
rise to obtain the increase in heat content.

Data on thermal conductivity of liquid methanol were obtained
from reference 14. VariatAon of conductivity with temperature was found
to be linesr over the range 10° C to 500 C and is given by the equation
kt = 0.0005k - o.000ool~ot, where t is in OC andkl Is in
calories/(see)(cm)(%). If k Is expressed inBtu/(hr)(ft)(OF) snd t
in ‘C, the following equation results:

.

.

.

v
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.

k = 0.1306 - o.000363t (B4)

Data on viscosity were obtained chiefly fron reference 15. The
logarithm of the viscosity was plotted against the reciprocal of the
absolute temperature on rectangukc paper, end the points were seen to
fall along a smooth curve, the greatest vemiation being less than
2 percent. A smooth curve was therefore drawn through these yoints and
viscosities obtained, at intervels of 5° C, from 0° C to &)” C. Second
differences were found to very but slowly with temperature, so it was
possible to extrapolate, with reasonable certainty, up to 100o C.

By using the calculated velues of the viscosity v end the velues
of C and k as given by equations (B3) and (B4), the I&andtl group
was calc~~~ed from the definition N& = CV/’k end a plot made

c/J

of ()Nm as a function of temperature. Vapor-pessure data were

take; fi-cxareferences 16 qnd 17, interpolation being ~rformed by
plotting logarithm of pressure against reciprocals of absolute temperatures.
Data on density were tsken fr~ the International Critlcel Tables
(reference 15). Variation with tem~rature was found to be very nearly
lineer in the temperature range 0° C to 90° C. A sumnary of the pertinent
data for liquld methenol is given in table IY.

.
.
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TABXZ I.- S~ OF WAT2ttDATA AND RESULTS

Item

1 we 8,020 8,21o 774 -i@ 8,180
2 tcl IL6.8 116.8 181.9 183.0 u6.2

tc~ 120.3 1.20.4 212.9 214.6 1.20.o
i! 28,o5o 29,550 24,1oo 24,400 31,000
5 % 32.3 32.7 30.9 27.6 32.5
6 P 34.5 34.3 105.9 10~.6 34.3
7 258.4 258.1 332.0 3&.; 258.0
8 ::g 938.6 938.5 884.3 9~8.~
9 qL 730 720 1,27> l,XU
10 qac 29,620 29,930 26,o75 23,080 29,tMo
U DeviationIn heatbalance

(%C - qc)(lOQ)/qOc~percent 5.3 1.3 7.6 ->*7
12 Tamwratures

-3”9

A-1 141.8 141.9 244.7 253.3 lLI.9
A-2 139.3 139.1 244.7 251.9 Um. 8
A-3 141.3 141.4 245.7 253.2 142.3
A-4 149.5 142.9 254.7 2X.6 140.7

} B-1 145.3 146.1 241.5 264.1
B-2

144.4
147.: 148.9 246.8 254.5

B-3
14:.4

146.3 145.5 242.7 254.2 144.6
B-4 148.5 148.0 245.o 236.6 149.~
c-l 160.0 160.3 246.2 259.2 164.7
C-2 167.1 167.0 251.3 264.2 l@. >
c-3 162.4 163.6 249.3 263.7 166.0
c-4 164.5 165.2 251.2 263.7 171.7
D-1 172.7 173.2 251.7 263.3
D-2 181.5

171.2
lee.k 237.7 267.9 174.3

D-3 1“{4.2 177.8 257.1 268.2 176.0
D-4 183.1 l&.2 2a.7 263.8 174.4

;$ % 157.8 160.1 248.8 259.2 157.1
qav /Ao 58,m 6,300 50,900 49,500 lQ,700

15 Ah 5.23 3.39 4.60 4.47 5.’52
16 1/h& o 0 0.0000CJ6 0.00000160.000020
17 Atd o 0.30 0.79 1.23
18 tl~ 152.6 :54.7 243.9 253.9 150.3
19 tz~(top) 172.7 183.0 231.3 26J..O 167.2
20 P1 27.4 28.7 17.4 20.2 28.7
21 ‘bp 245.1 . 247.8 214.k 228.> :;;.;
22 tca 118.6 118.6 197.4 198.8
23 hc 1,7E!0 1,720 1,130 126 l,gib
24 G 1,184,000 1,212,000114,0Q0 113,300 1,208,0w
25 v 5.33 5.46 0.’527 0.523 5.41+

0.14

CJ
26 ~~ 0.960 0.958 0.964 0.958 0.962

27 ()N-
2/3

2.39 2.39 1.W 1.49 2.40
28 j 0.00346 0.00326 0.01430 0.01170
29 %e

0.00378
25,100 26,OOO &,~oo 4,700 25,@o

NACA
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TABLE I.- SUMMARY OF W= DATAAND RESULTS- Contlntid

[tern. 36 37 38 40 42

8,1f!o 758 765 758 2,182
181.0 lm.3 168.1

I1 w.
1i6. 1
119.7
29,400
g.:

236.1
g:. 5

181.3
210.5
22,250
25.4
102.6
gg” ;

.
l,2&

l&.3
26,600
30.0
102.8
3g :

.

206.9
19,em?
23.2
104.4
331.0
885.2
1,245

203.3
17,k30
22.2
104.5
331.0
885.0

I
1,375 Il,2E!010 i;c

I
29,160

I
21,290 I 19,20018,255 25,300

11 Deviationin heatbelanoe

I -3.1(Q.c - qc)(100)/qscj percent
TemPraturea
A-1
A-2
A-3
A-4
B-1
B-2
B-3
B-4
c-l
c-2
c-3
C-4
D-1
D-2
D-3
D-4

-0:8 -4.5 -3.1 I 4.5
12

S/.2.6
139.2
143.4
143.6
143.1
148.1
147.2
$5y;

.
176.2
163.0
168.5
183.4
l&?.6
U?O.2°
182.7
159.7
79,400
5.31
0.000026

250.8
247.8
251.6
2%.4
257.7
254.3
2a.9
259.7
2&?.e
267.3
265.2
266.7
271.8
271.1
273.~
274.1
2&8
44,300
4.01
0.oc0004

254.
251.0
255.
255.
265.1
2a.6
271.3
264.6
274.3
278.2
275.3
277.~
279.5
278.9
28L 6
281..O
268.
39,600
3.58
0.0(

2:4.4 225.2
251.3 221.1
255.4 227.6
236.4 228.3
267.o 231.0

.2

.
..L

“3

239.6.
240.1
243.0
259.5
U&;

.
265.0
266.8

265.2
276.2
278.3
2&).8
283.8
282.8
285.0
286.2—-.
2=.7 267.9
286.9 267.2
28a..5 268.0
274.1 248.5
36;200 52,600

13
14
15
16

%
%dAo
Atv
l/ha= o

.9

I 4.+5I 3.27
00008 II0.00001617 IAt~-=O I1.55 I 0.18

0..WO024

I 0.32 0.58 1.26
265.o 270.3 242.518

19
20

:;;(top)
P1
tbp
tCa
h=
G
v
z. -O.lIL

152.8
175.5
26.2
242.6
117.9
1,760
1,207,000
5.43

257.6
268.3
27.4
245.2
+9$.9

U2,000
0.517

276.3 I 283.3 I 2(3I..~33.9 38.8, 25.4
257.4 ‘-
194.0
575 I 476 _ I 796
lls,000
0.521

I
0.515

I
i,473

21
22 1.265.4 I 241.0191.e 174.2
23
24
25

I ill, mo 1 322,000

0.959 I O.g:j I 0.946 I 0.941 I o.gksL)26 p “--”

()

2/3
27 Npr
28 J

29 *e

.
. 1.>4

0.oo&6

4,220

1.68
0.00392

10,820

2.40

0.00335
25,700

1.51

0.00951

4,3ti

1.53

0.00735

4,330
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TABIJII.- SUhMWY OF WATER DATA AND RESULTS - Centhued

Item

1 WC 2,208 2,158 1,766 8,1&3 5,U.O
2 tci 172.1 165.9 185.a 1.3.6.1 179.0

185.0 172.6 201.9 120.0 L84.6
i! to 28,460 14,443 28,430 31,900 28,Em
; p 34.5 15.9 32.1 32.0 34.9

lcQ.2 33”5 107.5 34.3 100.6
7 tfj 329.4 256.7 333”1 258.1
8 hfg 886.0 883.4

328.2
;::.o ;;:.5 W.3

9 qL 1,300 l,2E!0 1,240
10 %c 29.260 14.190 27,080 29,4oo 29,660
u Deviationin heatbalance

(~c - qc)(lOO)/qEc)percent 2“7 -1.9 -5*O -8.5 3.6
m Temperatu~ee

A-1 222.1 201.1 243.5 144.-6 216.1
A-2 217.8 198.8 239.8 140.8 2JJ..7

223.7 202.0 245.6 145.5 217.1
2-? 225.5 202.7 246.9 146.2 218.1
B-1 228.3 207.1 243.6 146.9 217.6
B-2 235.1 21.0.6 247.1 252.1 223.1
B-3 235.1 211.5 246.1 151.6 223.1
B-4 238.0 210.8 251.5 154.7 226.1
c-1 241.3 220.1 248.8 165.1 235.2
c-2 245.6 222.8 255.2 171.0 2ko.3
c-3 244.1 221.2 233.7 166.5 237.1
c-4 247.0 224.2 254.5 172.5 24.2.4
D-1 254.0 225.6 262.9 184.6 255.2
D-2 252.3 226.2 261..8 183.5 253.~
D-3 254.4 224.6 263.7 1%?.1
D-4

255.1
254.0 225.9 263.1 1%2.6 255.7

:: %? 238.7 214.7 251.8 lag 233.0
q #o 58,550 Za29j050 56,30Q 61,0ca 59,100

15 A% 5.28 . 5.08 5.45 5.32
16 ljhd o.000ti8 0.000043 0.000037 0.000041 0.000046
17 At~ 1.64 0.96 2.08 2.50 2.72
18 tli 231.8 23.1.1 244.6 153.9 225.0
19 tz~(top) 246.9 222.0 255.7 175.2 247.o
20 PI 15.8 20.2 19.1 26.7 Ig.o
21 ‘bp 215.6 228.5 225.p 24Y.7 223.2
22 tca 178.6 l@.2 :9:h8 11.8.0 la. 8
23 hc 1,135 713 1,754 1,410
24 G 326,000 319,m 2h, m
25 v 1.495

$#;8@Q 755,000
1.458 1.202 /. 3.46

0.14

(J
%26 ~ 0.955 0.962 0.959 0.958 0.963

27
()N=

2/3 1.65 1.73 1.52 2.40 1.e
2C ~ 0.00548 o.oo37k 0.00637 0.00334 0.00292
29 tie u, SOo 10,340 10,020 25,700 26,7c0

●

●

✎

✎

●

“-..Ji@ijy- “
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TABLE 1.- SUM4ARY OF WATER DATA MD RESULTS - Continued

m3111

1 UC 5,150 4,190 4,160 4,1a 4,160
2 to~ 179.1 189.4 189.1 188.6

185.4
187.8

195.9 195.6 194.8 194.2
: & 32,400 27,250 27,040 25,&o 26,6x
5 w~ 34.4 32.4 3.8 31.2 32.8
6 P 100.6 100.2 98.7 100.7 100.7
7 328.2 328.0 326.9 328.3 328.3
8 :;= 887.4 887.6 888.4 887.3 m. 3
9 ~ l,2&l 1,290 1,300 1,290 1,285
10 %-c 29,2Y0 27,4~ 26,900 26,3ti 27,760
xl DevlatIon in heatbalance

(%. - qc)(lOO)/qOc,percent ‘lo.6 0.8 -0.5 2.1 4.1
12 Temperatures

A-1 218.T 228.o 228.0 229.1 227.9
A-2 214.3 224.4 224.5 225.2 224.2
A-7 220.7 230.3 230.0 230.6 230.6
A-: 222.4 231.0 231.7 232.5 231.8
B-1 220.3 229.9 231.5 232.1 230.2
B-2 225.4 234.o 236.0 236.8 234.7
B-3 225.5 234.2 235.8 237.1 234.8
B-4 228.8 237.7 239.1 240.4 238.2
c-l 239.2 244.8 2k4.3 250.4 244.8
C-2 242.6 249.3 249.3 254.3 248.g
c-3 24.0.3 246.9 247.2 252.X 246.0
c-4 245.4 251.2 2’52.2 256.8 251.1
D-1 255.8 259.0 260.3 266.0 2%.6
D-2 255.3 257.8 260.5 265.0 258.7
D-3 255.3 258.7 261..3 264.7 259.3
D-4 256.2 258.8 262.1 266.5 259.0

:; % 234.6 243.8 243.h 246.2 2k2.5
qarlAo 6?,630 55,500 54,700 2,900 55,200

1’5 5.64 5.00 4.94 4.77 4.98
16 :*&’ 0.000051 0.00005-1 0.000062 0.000067 0.000072
17 Ata 3.19 3.16 3“39 3.54 3.94
18 t~~ 225.8 235.6 235.1 237.9 233.5
19 t~f(top) 246.8 2w.4 252.7 237.3 250.2
20 PI 24.4 17.9 22.3 29.0 17.7
21 tbp 238.7 222.0 233.8 248.4 221.5
22 tca 182.2 192.6 192.4 191.7 191.0
23 hc 1,481 1,335 1,323 l,lal 1,340
24 G 764,000 Q9 ,000 614,000 614,0cx) Q5,000
25 v 3.51 2.86 a.a 2.83 2.83

0.14

(J
h26 ~ 0.963 0.965 0.965 0.962 0.965

()

2/3
27 N- 1.e 1.53 1.54 1.51b 1.55
28 J 0.00302 0.00318 0.00321 0.00286 0.00326
29 li~e 27,100 23,5X 23,300 2~,2clo 23,200



Item

1
2

9
10
11

12

17
18
19
20
21
22
23
24
2:

26

27

28
29
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TABLE I.- SUMMARY OF WATER DATA AND RESULTS - Continued

Wc
tcl
t
q:”
W*
P
t~
hfg
qL
%ic
DeviationIn heatbalance
(q*c- qc)(100)/qec~ pemun~

Tem~ratu.ros
A-1
A-2
A-3
A-4
B-1
B-2
B-3
B-4
c-1
c-2
C-3
c-4
D-1
D-2
D-3
D-4

%
qav/Ao
A%
l/hd
At~

‘bp
t~a
h=
G
v

0.14

(i)
%
v

()%r
2/3

&e

53 54 56 57 59

8,180 4,170 4,160 8,660 8,220
M-9.9 189.2 L@.3 187.4 u6. 2
123.7 195.5 195.7 191.1 ug. 8
31,100 26,27o 26,6oo 31,700 29,@o
33”5 9.0 33.1 36..2 33.2
34.9 100.2 103..2 100.6
259.1

34.4
328.0 g2.: 328.2 258.2

:%.8 887.6 . 887.4 g: 3
1,280 1,290 1,26

30,640 26,180 28,uo 30,840 30,410

-1.5 -0.3 5.4 -2.8 2.7

153.5 231.8 229.2 217.1 142.7
149.4 228.0 225.1 213.0 140.1
156.7 234.2 231.1

I

219.2 140.2
157.5 235.8 232.5 220.2 143.0
153.0 233.5 =.6 215.4
158.0

147.8
239.0 234.4 219.3 148.6

157.1 238.6 233.8 219.0
loll..o 242.4

149.0
238.1 223.0

173.4
150.6

252.1 247.3 229.7
177.9

165.2
256.3 252.0 235.0 167.5

174.5 254.1 250.o 232.0
179.5

166.2
259.5 254.3 237.3

190.3
167.9

268.6 262.7 249.5
190.4

la.o
267,3 2&.7 247.7 M3?.9

187.5 266.5 2612.3 249.0
187.5

179.7
268.0 2~.9 249.2 179.8

169.2 248.5 244.2 229.7
62,700

139.5
53,200 55,500 63,400 60,900

5.e 4.80 5.00 :.71
0.000078

5.45
0.000083 0.000094 0.000099 0

4.m 4.41 5.’21 6.27
158.7

0
239.3 234.o 217.7 154.1

178.4 258.4 252.4 236.8
26.5

175.4
35.1 29.2 27.3

243.3
27.3

259.4 248.8 245.o 245.0
121.8 192.4 192.5 @3.2
1,755

U8. O
1,170

1,208,000 ~6,000
1,31% 2,300 1,740
615,000 1,279,ooC

5.44 2.84
1,214,000

2.83 5.88 5.47

0.958 0.96? 0.966 0.975 0.958

2.33 1.53 1.53 1.56 2.4o
0.00324 0.00280 0.00331 0.oo27k
26,700

0.00329
23,400 23,400 47,500 25,800

.
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TABLE I.- SUMARYOF WA3XRDATA AHDBlSULTS - Continued

35

man

1 w= 8,180 8,1&I 437 447 8,140
2 tci 13.7.O u6.9 105.1 100.:

X20.5
u6. 8

1.20.9
? p

“ 140.0 120.8
28,600 32,700 15,240 32,b 32,%0

; ~ 3k.6 37.8 17.3 38.9 38.3
34.5 34.5 34.4 68.2

7 t*
34.1

258.4 258.4 258.2 301.2 237.8
8 hfg 938 9$.8 93:.9 909.3
9 qL

940.2
1,060

10
780

%c 31,810 34,810 15,540 34,340
U

35,22o
hviation in heat balance

T$%r~t$~~) ‘qOC~ pe~ent
10”2 6.1 1.9 4.3

12
7.6.

A-1 143.2 148.4 220.7 259.7 10.1
A-2 141.2 145.2 224.5 259.2 154.3
A-3 140.9 145.1 219.3 255.4 155.4
A-4 142.8 148.7. 214.L 250.3
B-1 147.6 148.0

161.6
218.1 239.9 148.6

B-2 148.1 149.0 219.4 240.4 149.5
B-3 . 148.6 149.3 219.4 239.4
B-4

149.7
150.2 150.4 218.9 240.4

c-1 164.7
149.4

I&. 8 246.8 258.7 162.8
C-2 174.6 178.6 250.6 274.I.
c-3

l@.2
165.4 167.6 247.2 263.8

c-4
166.1

167.4 167.4 246.8 261.4 l&J :7
D-1 192.6 203.6 241.2 259.7 196.9
D-2 198.5 211.1 242.2 266.0 199.7
D-3 188.2 2X2.1 245.o 270.g 203.0
D-4 18L0 210.2 242.8 264.1

;: %
192.0

162.2 M58.8 230.6 256.5 168.3
%v/Ao &,ooo 69,200 31,290 68,200 69,500

15 At 5.5 6.2 2.81 6.16 6.23
16 l/K* 0.00001 0.00002 0.00003 0.oo004 0
17 Atd O.6 1.4 2.7
18

0
tli 156.1 16L.2 :;;.9
tli(top)

2k7.6
19

1(32.1
l&. o 201.6 239.1 2T6.3

20 27.6
191.7

28.2 15.9
~ $:

16.6 26.3
245.6 246.8 216.0 218.2 242.9
u8. 8 u8. 9 122.6

23 h=
144.4 u8. 8

1,720 l,eo 308 @
24 G :,~8,000 1,208,000 64,600

1,660
66,000 1,203,000

25 v . 5.4h 0.291
0.14

0.299 5.42

()
26 ;: 0.957 0.952 0.901 0.911 0● 9>1

27 (%)
2/3

2.38 !z.38 2.32 2.01 2.38
28 J o.oo32b 0.!30318 0.00999 0.01891

- %e 25,950
0.00312

25,970 1,438 1,772 23,840

1
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Itea

1
2
3

;
6
7

:
10
11

12

13
14
~~
16
17
18
19
20
21
22
23
24
25

26

27
28
29

TABLE I.- SUMMARY OF WATERWLl?A~ RESULTS- Continued

.%<

to

%g
qL
qcs
Deviationin heatbalanoe
(Gc - qcl(l~)l~ect prcent

Tem~rature8
A-1
A-2
A-3
A-b
B-1
B-2
B-3
B-4
c-1
c-2
c-3
c-4
D-l
D-2
D-3
D-4

G?
qav/Ao
At
l/l!d
At~
tli
tz~(top)
P~

2P
ca

ho
G
v

0.14

0

_w
w

()%%
2/3

J

66 I 67 I
68 I 71 I 74

8,140
U6. O
119.3
26,860
33.9
31}.4
258.2
9g:.9

31,0eo

466
141.4
167.6
12,210
13.7
35.4
259.9
!33.7

12,100

;1?8
3J7*9
12,740
UL.o
24.7
239.4
5“. 6

u?,790

8,11?0
116.3
120.2
31,900
34.6
34.4
258.2
939.9
-/20
31,780

13.6 I -0.9 I 0.4 I -0.4

144.3
144.3
W?*2
143.4
147.2
148.4
148.3
148.8
163.0
167.2
163.8
165.5
Mo. 8
l&. 7
178.4
177.5
1’59.0
58,800
3.26
0.000008
0.47
153.3
173● 7
26.5
243.3
117.6
1,700
1,203,000
5.ko

0.958

2.kl
0.00326
25,5~

219.9
217.5
215.7
218.2
226.0
226.3
226.3
226.6
234.5
235.6
236.2
236.5
233.1
235.6
236.9
236.6
228.9
24,660
2.22
0.000012
0.30
226.4
233.3
15.8
215.6
154.2
354
68,800
0.313

0.936

1.88
0.00905
2,000

194.5
190.6
187.8
191.1
201.6
202.0
201.7
201.7
217.7
2M3.5
217.8
218.4
220.5
220.5
219.8
220.7
207.8
25,8&I
2.32
0.00001.6
0.41
205.I
217.7
15.5
214.6
104.8
266
72,000
0.323

0.895

2.6>
o.ca876
~,~1+8

151.2
147.9
148.6
157.5
149.1
15Q.1
149.4
150.2
163.8
L68.8
164.4
16& 8
183.4
183.0
lh. 6
lb. 3
l&’!.3
64,600
7.78
0.000024
1.55
155.0
174.8
26.6
243.5
IL8.2
1,EtL8
1,208,000
5.lL4

0.957

2.4o
0.oo3k5
23,830

8,E0
U5.2
u8. 8
29,230
33”9
3)+.5
258.4
939.8
700
31,150

6.2

139.7
140.5
140.3
141.1
146.6
147.7
147.6.
149.0
162.7
166.1
163.6
166.3
180.0
181.5
la.2
177.6
138.2
61,200
5.48
0
0
152.7
17L 6
27.3
245.0
U7.O
1,770
1,200,000
5.47

0.9>8

2.42
0.00342
25j3vXI

.

.
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TABLE I.- SUMMARY OF WATT% nATA AND RESULTS - Concluded

:tern

1
2

?
5
6
i’
8
9
10
11

12

13
14
15
16

::
19
20
21
22
23
24
25

26

27
28
29

Kc
tcl
tco .

tfgc

~fg
qL
qcn
Deviationin heatbalence

~&~~r~tqJ~lOo)Jqscj percent.
A-1
A-2
4-3
A -4
B-1
B-2
B-3
B-4
c-1
c-2
c-3
c-b
D-1
D-2
D-3
D-4 ““

*
q @o
n%
Iihd
Atd
tl~
tzi(top)
n
‘bp
tca
hc
G

454
90.7
140.7
22,700
25.5
&L.2
294.o
914.5
1,020
22,280

-1.9

B% 9
194.9
194.9
198.9
221.5
222.4
222-.9
223.3
244.3
245.8
245.5
246.5
249.1
255.1
2fi8.5
250.4
229.8
45,@
4.XL
0.000008
0.36
225.3
251.3
16.0
216.3
115.7
430
67,100
0.302

0.894

2.41~

0.01400
1,400

76

502
a. 5
u.1.7
12,150
13.1
21.6
232.1
%J. 4

12,040

-0.9

166.5
167.6
167.6
in.1
193.7
195.1
194.5
194.8
212.3
“213.4
213.5
213.7
214.2
217.6
221.7
214.6
198.2
24,54o
2.20
0.00001.2
0.29
195.7
214.5
16.0
216.~
99.P
2@.4
74,150
0.333

0.836

2.77
LJ.00880
1,313

77

1,137
93.9
ILO.3
18,630
20.6
34.6
258.6
939.6
700
18,6?0

-0.1

162.0
164.3
164.6
167.7
193.4
197.o
198.8
195.8
226.9
238.1
237.5
230.5
225.0
232.9
242.2
228.2
206.4
37,770
3.39
0.000016
0.60
202.4
228.1
31.5
253.2
102.1
388.5
168,000
0.753

o.@4

2.71
0.00560
3,060

78

740
m.7
108.6
7:,980
15.2
28.5
236.7
954.4
m
14,020

0.3

158:9
KO.9
161.1
164.8
183.2
191.3
191.4
190.9
216.3
223.9
224.5
221.()
215.9
220.b
225.7
217.6
198.4
28,4oo
2.55
0.000020
0.37.
195-3
216.8
28.5
247.4
99.2
~05.6
10$1,yx)
o.b90

0.896

2.77
0.00693
1,936

==!79

1,572
140.9
151.6
16,8?0
18. ~

33.5
256.7
9&9

16,730

-0.5

183.4
185.8
183.9
M’.4
202.7
206.6
207.1
206.9
236.7
244.7
24s.0
239.2
227.1
234.P
241.5
228.6
216.4
34,030
3.06
0.000024
O.&?
212.5
229.0
33.6
256.9
146.2
529
232,000
1.05

0.937

1.99
0.00426
6,320

“. NACA-”
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T43LE II.- SLM4ARY OF METHANOL DATA AND RESUME
.

[tom a 83 85 86 87

1 w= 5J?y &9~ 3#;6 1,792 1,786
2 tcl 75.1 73.1
3 % 91:0 94:9 M: 6 &.g 83.2
4 22,KI0 22,930 14,250 10,550 lo,7eo
; $ 26.2o 25.& 15.82 U_.d 11.77

25.6 25.9 14.7 14.7 14.8
7 t~ 241.4 242.o 21.2.O 212.g 21Z.3
8 hfg &o. 2 950.8 ;g.2 97o.2 970.0
9 qL 550 550 530
10 qBc 24,3(xI 23,980 14,990 10,710 10,880
11 Deviationin heatbalance

T~?~r~t%~) Iqsct Percent
9“1 4.3 4.9 1.5 0.9

12
A-1 140.3 143.5 143.8 154.6. 154.1
A-2 139.8 142.9 143.2 153.6 153.3
A-3 135.8 139.0 139.0 150.2 149.6
A-4 138.6 142.4 143.8 154.9 154.4
B-1 157.9 lEO.7 165.0 179.6 179.6
B-2 139.2 161.9 166.6 181..1 la.1
B-3 158.4 la.2 165.6 180.3 180.5
B-4 158.5 161.2 165.2 179.2 179.6
c-1 178.3 183.3 179.2 193.2 193.2
c-2 180.0 181..6 180.5 194.5 194.9
C-3 177.3 179.1 179.0 194.4 194.3
c-4 179● 7 181.8 180.a 194.2 1.94:3
D-1 191.1 194.0 m. o 188.6 188.4
D-2 188.2 190.6 180.3 lM. 8 189.2
D-3 186.8 183.3 179.6 188.4. 188.7
D-4 185.2 187.8 178.0 186.6 186.7

:: b 165.9 168.6 166.8 178.9 178.8
qav/Ao 47,100 47,600 29,6& 21,570 21,970

15 A% 4.22 4.26 1.31 1.93 1.97
16 ljh~
17 Ata
M tl~ 161.7 164.3 165.5 177.0
19

176.8
tz~(top) 183.6 186.1 ~~8&4 192.2 :~i2

20 31.5 30.0 40.8

g $$ 186.0 183.4 20~.9 ~Si6 24.1
87.8 ~i8 84.8 78.2

23 h~a
.

627 319? 218 219
24 G 859,000 8C!A,000 465,cco 265,000 263,tbc
25 v 4.90 5.04 2.65 1.50 1.49

0.14

@
26 pa 0.931 0.932 0.924 O.gll 0.909

t)
27 ~ 2/3

3● 391 3● 350 3.422 3.475 3.496
28 J 0.00387 0.00374 0.0c4c6 0.00435 0.CC442
29 %e 20,560 21,720 10,8&o 5,970 5,850

.
.
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TABI.XII.- SUMMARY OF ~HANOL DATA AND RXSULTS - ConLinued.

Item

1
2

7
8
9
10
I.1

12

13
14
15
16
17
18
19
20
21
22
23
24
23

26

27
28
29

w=
Cci

tco
‘lC
w~
P
tfj

hfg
qL
qec
Deviation in heat balance

T$3&r~tq&~100)/qsct Pement
A-1 -
A-2
A-z
A-4
B-1
B-2
B-3
B-k
c-1
c-2
c-3
c-4
D-1
D-2
D-3
D-4

.

v

NRe

03

6,000
87.5
94.1
24,160
26.06
2>.4
241.0
951.6
700
24,100

-0.2

144.1
143.4
138.7
142.3
la. o
162.7
161.9
161.7
181.4
183.0
179● 9
183.2
194.4
191.8
189.5
1%7.8
169.2
48,9X
4.39

16+.8
186.5
35.8
192.6
~i8

886,000
5.05

3.931

3.360

0.00376
21,700

90
I

91
I

92

1,050
72.:

8,&
8.90
14.9
2x2.7
9@.7
530
8,”095

0.1

165.6
165.1
162.1
166.7
190.0
191.3
190.8
lB.9
201.2
202.5
202.1
202.1
193-3
196.4
196.6
194.9
188.3
16,430
1.47

186.E!
y80i5

2$.6
%2.0
154.8
155,000
0.879

0.905

8,570
92.8
97.7
25,800
28.@
26.3
24.2.9
9g. 3

26,*o

2.7

138.6
138.5
134.0
136.8
149.8
152.1
151.6
152.0
171.9
173.8
l&3.9
173.3
188.2
185.5
1%2.8
181.o
la.2
-23,000
4.74

156.5
179.7
39.U
197.2
9~2

1,267,ooo
7.26

0.942

z.U8
0.00342
32,150

’599
81.8
97-5
6,510
7.24
14.8
212.4
9@s9
?40
6,470

-0.7

173.7
173.5
170.8
174.7
194.7
195.8
195.4
194.6
203.4
204.3
204.3
204.3
198.1
199.4
19!7.4
197.8
u2.8
13,lm
1.17

191.6
202.9
52.0
213.5
@.6
x27.2
103,200
0.589

0.909

93

8,730
99.3
104.0
25,440
27.84
26.1
242.4
950.6
700
25,7’50

1.2

142.9
142.7
138.4
lU. 4
154.3
155.5
154.8
154.8
173.7
175.3
171J9
174.9
M9.3
186.4
1E!4.3
182.1
164.0
51,900
4.64

159.4
181.0
37.5
195.1
101.6

l,290,0ix)
7.42

0.91+6

3.260
0.00340
34,200

I
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TABLE11.- ~ OF MW.CEANOLDATAAND RESULTS- cOnt~nUOd

nem 94 95 96 98 99

u= 423 :;9p 5,930 51930
; tc~

422
100.0 86.8 $9.5 mo.a

tco u8. 8 92:1 91.2 96.2 u9.2
i! 4,890 18,@o 15,830 24,240 4,960
; $ 3.68 ;;.:7 15.99 26.35

14.9 14.8 27.I ;i?8
7 tn =2.7 2$.7 21.2.4 244.5 212.4
8 hfg 970.0 ~;. o 969.9 9~9.2 g~.9
9 ~L 540 510

%3c 4,960 18,350 15,Qlo 24,310 5,030
: @viatlon of heatbalance

T$%%;t$~W) /~C
1.4 -2.5 -5.5 0.3 1.4

32
A-1 M4. 6 1.29.6 100.6 145”.8 185.0
A-2 184.3 129.4 101.4 145.0 184.6
A-3 l&.1 125.4 99*5 140.0 182.1
A-4 185.4 x29.2 102.8 144.0 185.6
B-1 200.7 146.5 138.3 163.4 203..1
B-2 201.4 147.6 Sm. 8 164.8 201.5
B-3 201.2 147.0 139.5 163.6 201.2
B-4 200.7 147.0 138.4 163.6 200.7
*C-1 205.7 1G2.9 159.9 183.4 205.8
c-2 206.5 163.8 la.4 185.0 206.7
c-3 206.7 161.6 159.4 1s.3 206.7
c-4 206.7 163.8 la.3 185.2 206.7
D-1 201.3 174.7 170.9 196.5 201.1
D-2 201.9 171.0 169.1 193.5 201.9
D-3 202.6 l&.3 169.2 191.1 202.6
D-4 201.7 167.9 167.7 1%).8 201.5

;? % 198.4 152.3 142.5 171.1
~av/AO

198.4
9,990 :75y 3u,270 49,2Ijo 10,130

15 A% 0.90 . 2.E?O 4.41 0.91
16 l/hd
17 At~
18 tl~ 197.5 148.9 139.7 166.7 197.5
19 tli(top) 205.5 l&.3 M%. h M8. 6 205.6
: m 51.2 31b.4 37.9 38.8
~ 2P 212.6 ~;6 g5;7 196.9 PG:3

109.4 . %48 109.8
23 h~a xll..7 6ok u3.6
24 a @,mo 5&$; 000 876,000 875,000 6?,300
25 v 0.362 . 4.99 5.00 0.360

0.14

{J

vl26 ~ 0.924 0.943 0.95CI 0.931 0.924
2/3

27 Nm) 3●195 3● 375 3.378 3.341 3*191
28 J 0.00840 0.00372 0.00366 0.00seo 0.00856
29 ‘Re 1,756 21,300 21,150 pl,750 1,756

.
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TABIJEII.—SUWARY OF METHANOL DATA AND RESULTS - Continued

41

[tern

1 WC 6,1Jm &9:d 6,000 426 426
2 tc~ 84.7 86.5 100.0
3 tco 91.2 91:3 92.6 u8. 8 :~~
4 24,200 23,5ti 22,250 5,030
; $ 26.13 25.23 25.88 5.57 6:99

26.7 26.7 26.4 14.9 15.0
7 t= 243.7 243.7 243.1 =2.7 213.0
8 hrg 949-7 94;.7 $353.2 969.6 9@3.4
.9 * 640 “ 500 530
10 qec 24,160 23,350 23,940 4,890 6,240
U Deviationin heat balance

(%. - qc)(100)/q6cYpercent -0.2 -0.9 7.1 -2.9 -3”5
32 Temperatures

A-1 139.5 139● 3 139.8 183.4 184.1
A-2 139.6 139.7 136.9 181.6 M?2.3
A-3 135.1 135.0 140.0 184.5 185.2
A-4 137.5 137.~ 139-9 184.1 185.0
B-1 157.1 156.6 159-1 2w.8 201.4
B-2 ;;:.: 159.6 160.7 201.7 202.1
B-3 158.6 160.0 200.8 201.6
B-4 156:9 156.6 160.7 200.8 201.6
c-1 177.~ 171.6 177.8 210.4 209.5
C-2 184.2 179.4 178.7 2U.1 210.2
c-3 179.4 178.2 lee.g 209.5
c-k

208.~
174.0 172.5 183.4 210.2 209.5

D-1 179.6 179.6 184.0 202.1 199.6
D-2 184.5 183.7 183.2 202.8 200.1
D-3 ;!3#; 192.6 U37.7 202.8 200.4
D-4 175.3 183.6 201.2

164:2
198.7

;: % 163.4 166.0 lgg.2 198.8
qav/Ao 49,050 47,600 46,800 10,060 12,880

15 A% 4.39 4.26 4.19 0.90 1.16
16 l/hd
17 Atd
18 tl~ 159.8 159.1 1~.8 198.3 197.6
19 tz~(top) 178.2 178.5 180.4 2~.4
20

208.2
37.4 37.6 ~8.1 42.o 37.8

~ ;P 1$5;0 l~5k2 196.0 201.1 195.5
~k6 109.4 u. 6

23 h;a 67; 654 W. 3
24 G 907,000 882,000

147.8
886,000 62,900 @,900

25 v 5.18 ~.o:. 5.06
VW 0.14

0.364 0.364

()
26 —

I.la
0.932 0.933 0.9j2 0.923 0.925

27
()
N=

2/3
3.389 3.3E!8 3.374 3.193 3.176

28 J 0.00386 0.00385 0.00372 0.0c830 0.0109
29 ‘Re 21,740 21,150 21,500 1,770 1,793



l-ten

1
2
3
4
5
6
7

;
10
n

12

13
lb
15
16
17
18
19
20
21
22
23
24
25

26

27
28
29

42 NACA TN No. 1498
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TABU II.- SUMMARY OF METHANOL DATA MD RESULTS - Continued

tB

hfg
~L
%3C
Xhwiation in heat balanoe

(Q*C - W)(lOO)/U=, percent
Temperatures
A-1
A-2
A-3
A-4
B-1
B-2
B-3
B-4
c-1
c-2
c-3
c-4
D-1
D-2
D-3
D-4

%
*IAO

l&
Atd
tll
t (top)Pll
7

t;p
t ca
hc
a
v

106

426

?25?5
7,080
7.70
15.0
213.0
;3. 5

6,930

-2.2

183.2
l&.4
184.1
184.1
200.3
20Z.o
2oo.~
200.7
207.8
208.9
206.8
207.9
198.2
198.9
L$@.1
L97.2
197.5
14,200
1.28

Lg6.2
206.5
34.3
190.4 .
M2.4
L66.8
6?,900
3*364

>.928

j.169
).o1254
L,@07

107

426
100.0
X23.3
6,260
6.&
15.0
213.0
9@.5
530
6,06Q

-3”3

183.4
l&.8
M!Jt.5
184.3
200.8
201.6
201.o
201.0
209.5
Z!lo.o
208.7
208.7
197.2
19793
197.7
195.9
197.7
12,500
1.12

196.6
208.1
s,-7
186.3
u. 6
145.2
@ ,900
0.364

0.526

3.175
0.01074
1,791

108

427
99.6
127.0
7,390
7.97
15.0
2.13.o
;$. 5

7,200

-2.6

183.2
181.6
184.4
184.1
199.9
199.2
199.3
200.2
208.2
207.6
206.7
207.1
S7. 6
197.6
198.4
196.3
197.0
14,810
1.33

195.7
206.1
28.4
U%. 3
1.13.3
176.3
63,100
0.366

0.929

3.160
0.01300
1,%22

109

426
100.0
134.8
9,440
10. I.2
15.0
213.0
96%5
530
9,290

-1.6

l&.1
lecl.1
182.7
182.8
195.3
192.7
192.9
195.1
204.4
206.9
202.6
204.4
195.8
195.9
197.2
195.0
194.1
18,990
1.70

192.4
202.9
25.6
175.1
117.4
248.5
62,900
0.366

0.935

3.129
0.01820
1,870

320

425
100.1
138.7
10,490
U. 38
15.0
213.0
9e.5
530
10,500

0.1

180.0
178.2
180.1
la. 4

%:;
M8. 6
U%. 5
203.5
205.9
201.0
203.2
194.2
=4.2
195.4
S3.6
191.7
21,300
1.91

N39.8
201.5
22.6
168.9
U9.4
298.6
&,t!OO
0.366

0.939

3.115
0.02170
1,031

.,— —
NACA—
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TABLE II.- sUMMARY OF METHANOL DATA AND RESUE1’S- Continued

:tern

1 w= 423 z&9: 434 42S 4(SL
2 tcl 100.2 101.5 101.0 102.0
3 tco 143.5 91:4 137.8 142.9 lx.g

; ~ U,760 23,5~0 lo,oeo U.,510 X2,790
12.62 26.40 10.52 12.28 ;;.:

6 P 15.0 26.9 14.8 24.7
23;.67 213.0 .244.2 212.j 239.4

8 & 969.!5 !7;;.4 p’c&o Y&. 6 !3$.4
9 gL 530

10 qsc 11,no 24,390 9,720 XL,1OO 12,570
u Deviation in heat balance

T!%~r~t$~~)/qsc’ Wrcent
-0”4 3“5 -3”7 -3.7 -1.8

12
A-1 178.0 139.5 178.7 199.9 :;?.:
A-2 176.4 136.6 177.1, 197.8 .
A-3 178.0 139.8 178.5 199.6 195.4
A-4 178.2 140.7 178.9 199.8 195.9
B-1 185.2 la. o 185.5 210.9 204.1
B-2 185.4 la. 4 185.7 209.1 204.1
B-3 185.2 160.7 185.7 207.3 203-7
B-4 185.9 la. 4 186.4 207.9 204.3
c-l 202.4 178.7 191.8 214.2 210.2
C-2 205.2 ;7:.: 194.1 213.2, 211.1
c-3 200.0 . lg2.7 214.7 =0.6
c-4 202.1 184.3 193.0 215.6 2n. 6
D-1 192.7 183.6 192.4 216.0 212.4
D-2 192.& 183.6 192.3 215.8 232.0
D-3 194.4 187.2 194.0 216.7 213.3
D-4 192.0 183.4 191.8 214.9 23J..6

13 ~ 189.6 1645.4 187.4 209.7 205.6
14 qav/Ao 23,810 ;9L;00 20,230 22,9~ 25,7-20
15 A% 2.14 . 1.82 2.06 2.31
16 l/hd
17 Atd
18 tzi M-7.5 l@. o 185.6 207.6 203.z
19 tz~(top) 200.3 l&).1 191.1 21:.7 210.0
20 P1 19.7 39.3 19.3 34.1 28.1

~ >a 162.1 ;;7;7 16L.O 19D.2 179.9
121.8 33.9.6 122.0 126.4

23 h= 356.4 656 302.8 264.0 339.0
24 G 62,500 aal,ooo 64,100 6~,200
25 v 0.364

59,600
5.03 0.373 0.369 . 0.3h9

~v O.llk
26

()v;
0.942 0.930 0.942 0.928 0.936

27
()
r?p~

2/3
3.097 3.386 3.114 ~.~g> ~.o@

28 j 0.02600 0.00386 0.0216 0.0187 0.0246
29 NRe 1,9111 21,160 1,933 l,~l+z 1,E%7
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Item

1
2

?
‘5
6
7
8
9
10
n

12

17
18
19
20
21
22
23
24
25

27

28
29

NACA TN No. 1498

!I?JIMJ!II.- SUMMARY OF METEANOL WA AND RESULTS - Continued

~*c
Deviationin heatbalance
(qsc - qc)(lOO)/%c, percent

Temperatures
A-1
A-2
A-3
A-4
B-1
B-2
B-3
B-4
c-1
c-2
c-s
c-4
D-1
D-2
D-3
D-4

%?
~av/Ao
At
@d
Atd

~li
t~i(top)
PI

‘bp
tca
hc
G
v

406
101.3
154.9
14,1.20
15.46
24.8
239.6
952.4
640
14,0&)

-0”3

191.1
189.5
190.8
191.5
198.7
198.5
198.5
199.4
206.6
207.3
207.1
208.2
208.9
208.6
210.4
208.0
201.5
28,600
2.57

19e.9
206.4
23.2
170.1
128.1
396
69,000
0.352

0.91+0

U8
I

la
I

122

396
101.3
155.8
14,020
15.87
24.5
239.0
:;:.9

14,490

3.2

m9.o
187.0
188.4
189.1
;;:;:

195.8
196.7
204.1
204.8
204.8
203.7
206.4
206.1
208.2
205.2
199.0
28,92o
2.60

196.4
203.9
2002
163.2
X28.6
420
>8,503
0.3f43

o.9k2

3.048

0.0318
1,8EQ

1,048
97.2
JJ7.9
13,590
15.32
26.6
243.5
949.8

13,890

2.2

190.0
187.2
190.8
191.3
207.7
206.8
206.6
210.7
2u.5
212.5
232.0
213.1
210.2
210.2
211.3
210.b
205.2
27,900
2.50

202.7
209.8
29.0
lih.6
3.07.6
28~.6
lYJ,E!Oo
e.@b

0.919’

3.2o8

0.ooe77
1+,290

1,043
97.4
ld6.2
12,290
14:37
26.4
243.0
921

13,000

5.5

190.5
187.7
191.5
191.8
211.1
211.1
210.2
2sL.6
214.7
215.6
215.8
216.3
212.h
212.5
213.4
2u.7
207.5
25,640
2.30

205.2
213.3
33.9
189.8
106.8
256.8
154,100
0.889

0.916

3.214

123

1,047
98.3
1.14.9
10,870
12.23
26.5
243.3
& 9

10,970

0.9

192.4
189.7
193.6
193.8
217.0
21e.~
217.9
217.9
219.9
220.:
220.3
222.4
216.3
216.9
216.9
216.1
2u.9
22,160
1.99

209.9
218.8
40.2
198.8
106.6
211.4
154,700
U.893

0.913

3.216

-- >
‘.,Nfic&,.

.

.

.

.—
.-



.
.

.-

NACA TN No. 1498 .45

TABIE II.- SUMWRY OF ME??HANOLDATA AND KESULTS - Continued

;em

1 Wc 6,000 1,050 1,049 1,050 1,051
2 tcf 100.1 95.7 94.1 ~. 6

t 2:; U4.9 u8. 4 U9.1 102.6
: co 23,360 9,740 14,930 16,420 10,970
: $ 26.26 U.19 16.57 18.~ 12.02

2<,8 26.6 27.0 26.7 26.8
7 t~ 243.9 243.5 244.3 243.7 243.9
8 hfg ~~:.6 9$.9 $33:.3 9$.7 949.6
9 qL m
.0 q*c 24,25o 9,963 15,063 16,640 10,760
.3. DeviationIn heat balence

(%C - qc)(100)/qsc# percent 3.7 2.2 0.9 1.3 -2.0
.2 Temperature

A-1 140.5 194.0 187.7 183.0 188.6
A-2 138.2 191.1 185.0 180.3 185.4
A-3 141.1 194.7 ;~8.; 182.8 189.5
A-4 142.3 194.9 . 183.6 189.5
B-1 160.5 I 219.2 203.7 195.3 216.7
B-2 la.8 219.9 201.7 194.9 217.9
B-3 161.2 219.2 201.0 195.1 216.9
B-4 16Q.2 219.7 202.1 195.6 217.2
c-1 178.9 227.5 208.4 202.5 224.2
c-2 179.6 225.0 208.9 203.2 224.2
c-~ 18L9 227.7 208.8 203.2 224.8
c-4 184.6 229.z 210.0 204.6 224.6
D-1 185.9 220.5 209.7 205.2 218.1
D-2 .183.6 219.7 209.z 204.6 218.>
D-3 ;~.; 219.7 2u.5 206.2 219.4
D-4 217.9 208.4 204.6 216.9

% 16::8 235.0 202.0 196.6 212.1
:: qav/A’o k8,300 lg,geo so,430 33,530 22,030
.5 4.32 1.80 2.73 3.01 1.98
.6 :~d
.7 Atd
.8 tl~ 162.5 213.2 199.3 193.6 210.1
-9 tli(top) 180.1 225.6 207.0 202.2 222.5
!0 37.3 46.5 24.3 18.8 x. k
: >: 194.9 206.8 172.5 ;:;.: 2u.7

8343 107.5 107.0 94.1
:: $ 186.0 323.7 378:h 186.;

886,000 155,100 155,000 155,100 155,200
i5 v 5.06 0.896 0.836 0.85A G.8M ‘

0.14
!6

c)
& 0.931 0.912 0.921 0.924.Ma 0.901

!7 f)
r?=

2/~ 3.376 z.208 3.212 3.216 ~.328
!8 0.00378 0.00559 0.00990 o.olJ62 0.00;87
!9 tie 21,430 4,300 4,28o 4,27o 3,900 I

q.--—+ -.*-—. -.
‘-.JN,ACA,.4’



Item

1
2
3
4

12

13
14

19
20
21
22
23
24
25

26

27
28
29

46 NACA TN No. 1498

TABLE 11.- SUIMMH OF METHANOLDATA AND RESULTS- Continued

w=
tci
tco

h~g
qL
%c
Deviation in heat belence

T&&~t$~~=OO)/qa’#p6rceIlt
A-1
A-2
A-s
A-4
B-1
B-2
B-3
B-4
c-1
c-2
c-3
c-4
D-1
D-2
D-3
D-4

%
qav/Ao
Ah
l/hd
Atd
tl~
t21(top)
PI

‘bp
tca
hc
G

J

‘Re

129

1,050
95.0
123.1
18,530
20.44
29.2
248.8
9&6.3

18,660

0.7

182.3
180.0
m2.1
M2.1’
193.1
193.1
193.1
194.0
201.0
201.6
202..6
203.4
204.1
203.4
205.7’
202.6
195.2
37,730
3*39

19I..8
200.6
16.4
153.1
;g. @

155,200
0.897

0.928

3.195
0.01368
4,350

130

2,960
94.8
103.6
16,100
18. ~>
26.8
243.9
92.6

16,740

3.8

165.9
l@.7
M%. 6
167.4
191.5
193● 3
192.0
192.4
206.2
207.5
207.7
208.2
203.7
204.4
206.1
202.8
192.4
33,310
2.99

189.4
204.4
28.8
181.3
99.2
363.3
,437,000
2.51

0.929

3.2&I

0.00405
11,380

2,954
95.2
104.0
16,0E?a
18.34
27.1
244.6
94:.1

16,750

4.0

M6. 8
163.8
167.7
168.3
192.6
194.0
193.1
193.5
207.0
208.4
208.4
209.5
205.7
205.9
207.7
205.0
193.6
33,3-0
2.99

190.6
205.3
33.8
189.6
99.6
360.0
436,000
2.50

0.920

3.278

0.00402
KL,400

2,975

95.5
104.2
16,080
18.12
26.5
243.3
9&o

16,5&

3.1

166.1
163.4
167.0
167.7
191.8
193.3
192.2
192.6
205.7
207.j
207.3
208.8
203.9
204.4
206.1
203.5
192.6
33,120
2.97

M9.6
204.3
23.7
171.2
99.8
362.7
439,000
2.52

0.921

3.276

0.00402
U,500

133

2,96c
95.5
104.9
17,260
19.41
26.4
243.0
92.1

17,780

2.9

165.6
162.5
M5. 8
167.0
2.90.6
192.2
191.5
191.8
199.9
199.6
202.1
203.2
u9.6
199.0
200.8
s8. L
189.4
35,540
3.19

186.2
199.0
17.8
137.0
100.2
406
437,000
2.51

0.924

3.271

0.00453
u.,490

--

.
.

.

.

.
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TABLE II.- SUMUiRY OF METHANOL DATA AND lULSULTS- Continued

[tall 134 135 136 137 138

1 w= 2,952 2,9E!0 2,9fh 6,CXI0. -85,520
2 tc~ 97.2 94.1 91.7 88.6

t 108.0 107.2 106.3 95.0 u8: 6
: co 19,&o 24,22o 26,79o 23,4oo 20,2y3
; y 22.81 27.40 31.06 26.23 22.&

33”3 44.7 55.4 26.7 27.0
7 256.4 274.0 2.;.5 243+7 244.3
8 2= 941.2 %8. 9 919.3 9$.7 92.3
9 q~ 750 930
10 flsc 20,720 24,560 27,~0 24,250 20,820
IL Deviation in heat balenoe

T~p~r~t~~~) lqec~ Wrcent
4“4 1.b 3.0 3“5 2.7

12
A-1 172.2 176.2 179.4 142.7 160.7
A-2 167.2 172.4 175.5 140.0 158.4
A-3 1’73● 3 177.3 ;g.: 142.9 la. 7
A-4 174.2 178.2 . 144.1 162.0
B-1 199.0 202.6 200.5 M2.3 17699
B-2 199.9 2(x2.6 201.2 163.4 177.8
B-3 199.0 201.7 202.8 11S2.9 177.1
B-4 199.8 201.7 201.4 163.8 177.8
c-1 I205:2 204.6 20~ $ :g.: 190.6
c-2 202.5 206.1 . lgl.3
c-3 202.6 206.2 207.7 1&:8 192.4
c-4 207.3 209.1 210.9 186.4 194.0
D-l 205.9 210.4 23.3.1 185.5 I(
D-2 205.2 209.7 21.2.5 la% 5
n.~ 20?. 5 212.7 215.8 1;

13
14
15
16
17

204. i
195.3
41,1(M
3*@

2%. i
I M. 8

198.8 200.6
49,470 55,2m
4*44 4.96

II
191.6 19L 4 195:6 164.3 I 177.9
202.1 206.1 Q08.3 la.9
18.9 19.1 19.0
160.0 160.5 160.2 %:5 I i

I2$ t
.. -n.llL

56.0
D5. 6
lgg. o
194.7
l&. 6
41,660
3.74

I *.3
27.9

I
.79.6

102.6
I

100.6 99.0
I

g3- 13.5.7
455 519 5a 659

J86,000 815,000

I
2~5i

I
2.53 215i

I
5.06 4.73

2i I 7 I 4S6.000 i 440,000 I 438,000 I i

r)26 ~: ‘--”

27
()
rim

2/3

28 J
29 xT~e

.

I 0.922 I
0.918

I
0.916

I
0.932

I
0.945

3.250 . 3.2&J 3.2& 3.351 3.143

0.00502 0.00571 , 0.00624 0.00378 0.00378
11,660 u.,600 u, 410 21,850 23,9ti



:tem

1
2

;

5
6
7

;
10
u

u

13
14
15
16
17
18
19
20
21
22
23
24
25

26

L
27
28
29

48 ..., NACA TN No: 1498

TABLE 11.- SUhMARY OF MET.EAIKILDATA AND RESULTS - Concluded

h;g
qL
%3c
Mviatlon h heat balance
(!lf3c- ‘%}(100)/~c # ~rcent

‘lkupratures
A-1
A-2
A-s
A-4
B-1
B-2
B-3
B-4
c-1
C-2
c-3
c-4
D-1
D-2
D-3
D-4

b
Ulv/Ao
ht
L/l!*
&t*

:;;(top)
PI
‘bp
tca
hc
G
v
/vx 0.14

+ J

$)
lf~

2/3

%e

139

5,%0
u3.2
u8. 8
19,ao
22.65
26.9
244.3
9$.3

20,t!20

5.8

160.9
158.9
161.1
162.0
177.1
3.?8.3
177.4
178.0
190.9
191.7
192.6
L94.9
195.8
195.4
199.0
194.5
L&. 8
41,020
3.68

178.1
192.5
23.0
169.7
u6. O
630
815,000
4.73

0.91+5

3.140
0.00374
2L,000

140

5,5m -
u3.2
U9. 3
21,500
24.82
34.5
258.2
939-8

L~600

4.9

165.0
MZ’.5
165.2
M6. 3
182.3
183.9
183.2
183.9
198.z
lW. 6
200.1
202.6
204.4
204.4
207.y
203.7
188.3
4L,*O
4.02

lu.q
201.0
23.1
170.0
u.6.2
646
fi15,000
4.73

o.91bo

3.138
0.00369
24,100

141

>,485
u3. 8
120.6
23,L%20
27.27

27;:6
92;.3

24,5oo

2.8

l@.9
167.7
170.2
171.5
188.6
190.0
189.1
190.0
205.5
207.0
207.7
210.2
2x2.7
2x2.7
215.1+
2U..1
195.0
1+9,000
4.ho

3.90.6
208.6
23.3
170.3
U.7.2
658
810,000
4.71

0.936

3.130
0.00374
2L,040

142

5,48z
114.7
122.5
27,200
30.86
56.0
288.2
918.8
940
27,420

0.8

175.5
1.72.6
175.3”
177.0
195.4
196.5
:;;.;

.
210.0
2K1.1
2u.8
214.7
216.9
216.1
219.6
215.2
200.0
55,400
4.97.

195.0
212.0
23.1
170.0
u8. 6
714
810,000
4.71

0.934

3.121
0.00403
24,28o

143

5,52o
n5. o
32k.o
31Y750
37.10
83.0
314.6
@9*l
1,170
32,150

1.2

L83.4
lf!O.7
183.9
185.4
205.2
206.6
205.7
206.6
~5.2
~6. 9
ZL8.~
219.6
224.6
223.2
227.3
221.9
207.8
64,&ccl
5.83

2ce.i)
218.4
23.1
170.0
119.5
771
&5 .000
4.7L

0.930

3.114
0.00430
2&,570

144

2,965
91.9
109.6
32,570
38.40
83.0
314.6
m-l
1,170
33,340

2.3

M%. 6
183:8
186.6
188.4
199.8
2oa.2
200.0
201.6
209.7
214.3
212.2
215.1
220.2
218.7
223.6
219.2
205.0
66,900
6.01

199.0
214.~
19.2
l&l.7
100.8
670
438,000
2.52

0.915

z.266
0.00739
U.,570

.—
.

.

.
●

✎

✎



.

.

.
.

.

.
.

.

NACA TN No. 1498

TABLE III.- SUMMARY OF DATA AND RESULTS; METHANOL WITH ENTFLAINEDAIR

[tam

5
6
7
8
9

10
xl

12

13
14
15
16
17
18
19
20
21
22
23
24
25

26

27
28
29
30
31
32

Devlatlonin heat belemce
(%C - qc)(1OO)/~c~ mrcent

Temperatures
A-1
A-2
A-3
A-4
B-1
B-2
B-3
B-4
c-1
c-2
C-3
c-4
3)-1
D-2
D-s
D-4

%
qav/Ao
Ah
l/h&
Atd
tl~
tzi(top)
?l
‘bp
tca
h=
G
v
~ 0.14

Lzil

()
xI~

2/3

$9
Qa
Air, percent

145

5,520 ‘
93.2
98.4
17,6e0
;:.;7

2ti.7
~~. 6

17,w

0.9

137.3
135.5
1:7.3
138.2
153 ● 3
154.6
154.0
154.4
166.5
167.7
166.8
170.6
171.5
171.0
174.4
172.4
158.0
36,020
3.22

154.8
169.1
23.2
170.2
95i8

a5, 000
4.67

0.944

3“92
0.00376
20,700
0
0
0

145A

5,505
93.6
98.9
18,050
19:79
14.9
212.7
~$. 6

18,6@

3“3

137.8
155.7
137.9
138.4
152.5
153.8
153.0
153.7
165.2
166.3
167.5
169.4
170.2
10.5
173.1
170.7
157.2
37,240
3*33

153.9
167.6
23.2
170.2
;:L2

a?,wo
4.66

0.945

3.308
0.00397
20,750
0.15L7
1.678
1.1$6

5,520
93.7
99.2
18,770
19-97
15.0
213.0
~~. 6

18,800

0.2

137.0
135.5
137.2
138.4
151.G
152.1
151.5
152.1
164.1
165.1
166.3
168.6
170.1
169.2
172.4
170.6
156.4
38,100
3.41

153.0
167.2
23.6
171.0
;6#

&_6,000
4.68

0.946

3.307
0. ookll
20,850
0.464
4.93
4.16

5,500
93.7
99.1,
18,360
20.56
14.9
21.2.7
9@.6
540“
19,380

5.3

1s6.4
134.6
136.4
137.3
148.8
149.2
149.0
149.5
161.6
162.5
164.3
166.6
168.6
167.2
170.6
168.6
154.5
38,300
3.42

151.1
1~.&
24.4
172.7
9&84

&3,000
4.66

0.948

3.307
0.00431
20,78!)
1.2>8
12.82
10.16

40

146

2,372
83.1
91.4
12,6U0
13.74
14.9
2u2.7
969-7
550
12,770

1.3

149.2
146.8
149.9
1%. 8
173.1
174.q
173.3
174.2
185.9
187.5
187.2
188.1
18!2.3
183.0
M4.1
183.0
173.3
25,730
2.30

171.0
18k.9
27.0
177.9
87.4
302.8
380,000
2.16

0.923

3.396

0.00411
9,030

:
a
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TABLE111. - ~ mDATAANDImsuIms; MEI’EAEOLkJ~H ENTRAINED AIR - Continued

[tan

1 w= 2,386 2,5a .2,557 1,037 1,037
2 tci 83.2“ &.4 %2.9 72: 74.3
3 92.1 92.3 93.5 @.7
4 :0 13,190 15,380 16,44 8,;40 g,ao
“5 us 14.92 16.45 17.95 8.88 lG.60
6 P 14.9 15.0 14.9 15.1 14.9
7 t= 2x2.7 213.o 2x2.7 213.4 212.7
8 hfg ;$7 9EQ.5 ~$. 6 969..4 %9.7
9 qL 550 540 530
10 q 13,930 15,400 16,860 8,070

lkviatlonIn heat balauce
9,750

u
(llsc- qc)(~OO)/qec~percent 5“3 0.1 2.5

U Tcmperatwes
-0.8 1.4

A-1 147.7 1L4.o 141.6 165.2 1;5.7
A-2 144.0 141.3 139.3 1$2.3 153● 1
A-3 147.6 144.0 142.0 la. 1 156.7
A-4 148.6 145.4 142.9 166.L 157.5
B-1 170.1 leg 157.3 3.90.6 Im. a
B-2 170.3 163.8 157.9 191.8 187.2
3-3 l@.7 163.4 157.3 190.9 185.9
B-4 170.4 164.5 158.0 151.2 lfi.8
c-1 18L9 177.3 172.2. 202.3 195.4
c-2 182.5 178.7 172.4 203.0 198.1
c-~ 183.1 179-2 173.3 202.6 197.1
c-4 184.3 181.o 175.3 203.0 197.1
D-1 180.6 179.1 174.2 ;;;.; 190.2
D-2 180.6 179.2 173.7 ).94.0
D-3 182.7 181.6 176.7 196:5 193.5
D-4 Ml. 3 l&.3 175.6 195.3 2.90.6

;; % 170.4 166.6 lti 8 188.7 1%2.7
qav/Ao 27,500 31,200 ;3#0 16,440 19,640

15 A% 2.46 2.79 1.47
16 ~/hd

. 1.76

17 Atd
18 tl~ 167.9 163.8 158.8 187.2 180.9
19 t~~(top) 180.5 177.2 l-l%?.o 201.2 ~5il
20 PI 27.0 27.2 27.2 39*5
21 ‘bp ;;7i9 178.2 l~8i2 l~7i9 g$3
22 tca . 8’7.4
23 h=

. .
337.4 401 47; 151.4 195.2

24 G 382,300 379,200 378,000 153,200 153,200
25 v 2.18 2.16 2.16 0.869 0.870

~ 0.14

GJ
26 — 0.925 0.928 0.933 0.903 0.910

()27 N=
2/3

3“393 3.396 3.387 3.470 3.452
28 J 0.00455 0.00549 0.00649 0.00515 0.00665
:: #Re 9,130 9,030 9,060 3,462 3)504

0.1552 0.466 1.470 0 0.0965
31 Q: 1.330 z.96 12.48 0 0.523
32 Air, percent 2.46 6.99 19.22 0 2.41

——— —

.
.

.

.
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NACA TN No. 1498 51

TABLE 111.- sUMMARYCJFDAT AAND~ ; MEI’HANOLwITE EMHW2WD AIR - Continued

5
6
7
8
9

10
I.1

12

13
14
15
16
37
18
19
20
21
22
23
24
25

26

27
28
29
so
31
32

--=!5 I
147B

w=
tcl-—
t co
a.

I1,(31+/3
75.8

I
94.4
U.890

-v

W* 12:39
P 14.9
t* 2=.7
h+=- - 969.6

Deviation in heat ImJ.snoe
(qsc - u) (1~) /~scj wrcent

Temperatures
A-1
A-2
A-y
A-k
B-1
B-2
B-3
B-4
c-l
C-2
c-3
c-4
D-l
D-2
D-3
D-4

%f
q #0

A%
l/hd
Atd
tzi
t~i(top)
PI

Qe
Air, percent

-3.’=J

153.2
151.8
1s4.6
155.1
177.0
181.2
179.4
179.8
186.2
189.0
lW. 4
189.1
184.e
186.4
188.5
M7. 6
174.5
23,720
2.13

172.4
184.7
40.2
198.8
85.1
267.8
:5:goo
.

0.919

3.418
0.00895
3,632
0.3488
I. 898
8.13

148

5,471
113.4
x22.6
32,170
36.90
83.1
314.7
899.1
1,130
32,050

-0.4

1!s4.1
la. 4
184.5
185.0
206.6
207.0
206.4
207.7
218.8
220.6
220.8
223.s
228.2
226.9
230.9
225.1
209.9
65,100
5.86

204.0
221.9
23.3
170.4
u.8. O
745
808,000”
4.69

0.927

3.125
0.00420
2k,~o
o
0
0

148A

7$330
3.13.5
=3.1
32,600
37.00
83.0
314.6
@9.1
1,120
32,1L0

-Lb

183.3
180.3
184.0
185.6
205.0
205.9
205.0
206.3
218.7
220.6
220.8
221t.1
228.6
227.3
231.8
225.9
2@.6
65,660
5.96

203.6
222.4
23.3
170.4
u8. 3
759
787,Om”
4.58

0.928

3.122
0. 00L37
23,570
o.14a
1.958
1.724

140Ei

5,370
114.3
123.8
32;440
37. E!i)
83.0
314.6
899.1
l,lio
32, %’0

1.4

183.4
180.7
183.4
185.2
201.9
202.1
201.6
203.0
217.6
2J9. O
$219.2
222.8
227.7
226. ~
230.7
225. k
208.2
66,250
5.95

202.2
221.6
23.3
170.4
119.o
783
~g~ooo
.

0.929

3.u8
o.oo4k9
23,880
0. L76
6.38
5.36

14EZ

3,340
1.J.Ib.2
123.7
32,360
37.90
83.0
&4.:

.
l,uo
32,970

1.9

181.4
178.~
la. 4
183.2
197.2
197.2
196.9
197.8
=6. 4
217.k
Z7. 6
221.4
227.5
225.7
230.0
224.8
205.9
66,250
5.55

199.9
221.0
23.9
1“(1.7
l.l:mo

;&$ow
.

0.931

3.u8
0.00465
23,720-
1.197
15.39
12.08
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TABLE III.- SUFMU?Y OF MA AND RESULTS; METHANOL W~H ENTRAINED AIR - Centinued

[tern

1 Wc 2,7a 2,76L 2,”(Q 2,752 954
2 tc~ 92.3 92.7 92.1 91.0 103.0
3 tco 110.3 UO.8 11o.2 109.6 X25.3
4 30,370 31,030 30,9eo 31,730 13,470
: j 36. @ 36. 8g 37.01 g.y 14,83

83.1 83.1 83.1 26.8
7 314.7 g:. : 314.7 31{ .2 243.9
8 :g 8gg. o . W.o ~i: 9&3.5
9 QL 1,150 1,140 1,130

10 q 31,830 32,020 32,140 3&i’5Q 13,400
Xl. Deviation in heat be.lence

(Qsc - Qc)(lool/~~cj wcent 4“6 3.1 3.6 3.1 -0.5
X2 Temperature

A-1 191.8 190.8 186.k 182.1 191.3
A-2 187.9 186.6 ll?2.3 178.9 lB.1
A-3 192.4 190.6 l&>.9 182.5 191.>
A-k 193.3 192.2 188.4 185.0 192.0
B-1 208.4 207.6 205.7 2C2.CI 205.3
B-2 208.0 206.7 205.2 2($2.1 205.3
B-3 207.3 206.5 204.7 201.6 205.0
B-4 208.9 208.0 20~.6 203.7 205.9
c-1 220.6 220.3 21;.; 218.3 213.4
C-2 221.9 221.5 . 219.7 214.3
c-3 221.5 221.5 221.0 219.9 214.7
c-4 224.6 224.6 224.2 223.7 215.8
D-l 228.9 229.1 228.7 228.2 23.5.4
D-2 227.8 227.8 227.3 226.9 216.o
D-3 231.8 232.2 232.0 231.1 217.4
D-4 226.4 226.6 226.4 225.7 215.I_

13 tw 212.6 212.1 210.4 208.2 206.~
14 qav/Ao 63,100 64,000 64,000 65,hOO 27,270
15 5.67 5.76 3*75 5.f37 2.45
16 ;Ph
17 At&
le tl~ 206.9 206.3 204.6 202.3 204.4
19 t~i(top) 223.0 223.1 222.8 222.1 2x2.6
20 23.8 24.6 24.7 2h.2 24.4

~ $: 171.4 173.I 173.4 172.3 172.7
101.3 101.8 101.2 100.~ 1.14.2

23 h: 588 607 608 630 298.5
24 c 408,OOfS 408,000 408,000 L07>OO0 MI, 900
25 v 2.35 2.35 2.35 2.34 0.817

0.14

CJ
26 # 0.910 O.gll 0.912 0.91.2 0.924

27
$)
Nm

2/3 3.260 3.257 3.26? 3,270 3.154
28 o.Cxx590 Q.00706 (3.00716 0.00745 0.00977
;: p 10,%20 10,8ti 10,8Z0 10,710 4,100

0 0.1577 :.;:3 1.258 0
31 Qa o 1.656 13.60 0
32 Air, percent o 2.e2 7:78 lg.? o

/
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T- III. - ~Ol?~A~ R?HIIIH; l@.l?=OL wlZl?H~ AIR’- Concluded

Item

1
2
3
4
5
6
7
8
9

10
la

12

13
14
15
16
17
18
19
20
21
22
23
24
25

26

27
28
29
30
31
32

Run -

w=
t=~
tco
%
w=
P
te
hrg
u
a
Deviationin heatbelenoe

T%~t~~~) iqec~ percent
A-1
A-2
A-3
A-4
B-1
B-2
B-3
B-4
c-1
c-2
c-3
c-4
D-1
D-2
D-3
D-4

%p

Za
G
v

0.14

PJP

0
2/3

Pr

&e
Wa
Qa
klir, percent

150A

9@
101?1
X24.7
14,310
15.70
27.1
244.6

-0-6

M2.z
180.3
183.2
m4. 3
203.5
204.6
204.1
204.8
2u. 8
213.8
213.8
214.5
212.5
214.7
216.3
212.5
203.6
28,940
2.60

.

201.0
21J.4
24.4
172.7
IJ2.9
323.6
141, em
0.821

0.925

3.165
0.01059
4,080
0.0832
0.974
4.64

15CU3

947
98.8
M4.O
15,060
17.24
26.9

-4.1

179.6
178.0
lE?O.5
181.4
198.5
201.2
lgg.g
2cm.5
207.0
209.8
209.3
210.0
208.4
210.2
212.2
208.0
199.7
31,200
2.80

196.9
206.9
25.3
174.6
11.1.4
359.0
139,800
0. mo

0.927

3.178
0.01202
? j992
0.2892
3.19
13.92

,

“ ‘+AC&-
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TABLE IV.- PHYSICALIROEERI!3ZSOF ~WiliO~

Temperature

(*)

o

10

20

30

40

50

60

70

80

90

100

llo

(%)

32

50

68

86

104

122

140

~58

176

194

21.2

230

w

1.955

1.670

1.438

1.246

1.OM

0.957

.843

.752

.674

● 607

.549

c

o “ 559

● 577

● 590

.603

. @2

.640

.660

● 683

.707

● 731

● 757

k

0.1307

.1270

.1234

.1.197

*U61.

● U2fj

.1088

.1052

.1015

● 0979

.0943

()‘Pr 2/3

4.I.20

3.852

3.614

3.4U

~.240

3 ● 095

2.973

2.878

2.8o4

2 ● 740

2.689

P

50.58

49.99

49.40

48. ~

48.23

47*64

47.05

46.46

45.87

45.29

44.70

H

0.00

10.24

20.72

31 ● 47

k2.52

53*90

65.63

77*74

90.26

UOo20

L16.60

w

P

0.56

1.06

1.*

3*13

5.09

7*94

12.23

18.15

26.04

36.68

50.60

69.20
—

p? .

.
.

.

*
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Figure l.- Heat exchanger (unlagged).
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Figure 2.- Heat exchanger (disassembled ).
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Figure 3.- View of test rig (unlagged).
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Figure 4.- lliag rammatic layout of apparatue.
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Figure5.- Tube-walltemperaturedistribution.Rataforrun59.



NACA TN NO. 1498 63

●

✎

✎ ✎

2100 200° 1090 170’3 lmo 1530
160° K!@

1 ~ :

1700 1600 i$!@ 2000 2100

2200
1400

1400
22Q0

.
*

.-

4 V . - ‘--++LJ-LWFYThermocouple location<

.
0

.

]0~‘ - \’
z

❑ B 4; in. from bottom
~’o ~

320
40°

V C 4; in.from top

O D 1* h. from top ~

~~o 3400 3500 0 100 200 @
3° 200 100 35)0 3Q0 3s0

1111 ]1!11 111111111 111111111 +11111111 111111111” 111111111 1111 ]1111

1300
230

120°
240°

110°
“250°

lCKP
2600

700
2930

13W
Do

50°
310°

400
3300

Figure6.- Tube-walltemperaturedistribution.Data forrun 93,
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Figure 7.- Temperature distribution against tube length. Run 59.
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Figure 8.- Longitudinal temperature distribution for various typical runs.
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Figure 11.- Heat-transfer coefficientagainstcoolantvelocityfor water.
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xl 40 -1

Figure 13. - j-factor against average temperature excess. Horizontal
part at beginning of ‘each curve ~orres~onds to nonboiling value. —
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Figure 14.- Heat-transfer coefficient between cylinder and methanol
as functions of coolant velocity. Effect of percent entrained air.
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Fimme 15. - Effect of percent of air by volume in heakexchanger for
‘various series of b&ling runs. Coolant, methanol.
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Figure 16. - Predicted metal temperature against coolant velocity.
Heat flux, 100,000 Btu/(hr)(sq ft); temperature, 19@ I?; coolant,
water.
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Figure 17.- Predicted metal temperature against coolant velocity.
Heat flux, 50,000 Btu/(hr)(sq ftj;temperature, 1900 F; coolant, -=
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Figure 18. - Predicted metal-wall temperature against coolant
velocity. Heat flux, 50,000 Btu/(hr)(sq ft); temperature, 11OOF;
coolant, methanol (no air).


